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INTRODUCTION 


Rapid  advances  are  being  made  in  the  development  of  new  solid-state  laser  systems  in  the 
near  infrared  (0.7  -  2.5  /xm)  -  based  mainly  on  crystalline  materials  which  are  doped  with 
one  or  more  optically  active  ions  (e.g.  Ho,  Tm,  Cr;YAG).  At  the  visible  end  of  this  spectral 
region,  the  Ti:sapphire  laser  is  now  commercially  available  but,  further  into  the  IR,  most 
systems  are  based  on  rare-earth  ions.  Transition  metal  ions  with  their  strong  coupling  to 
their  environment  offer  the  possibility  of  broadband  tunable  operation  but  de^te  many 
studies,  centered  mainly  on  Co^'*'  and  Ni^'^'-doped  (and  more  recently  Cr^'^-dq)ed)  materials, 
only  a  couple  of  efficient  room  temperature  laser  media,  based  on  these  dopant  ions,  have 
been  developed.  The  aim  of  this  project  is  to  carry  out  further  studies  in  this  area,  to 
investigate  the  ;q)ectroscopy  of  existing  materials,  and  suggest  guiddines  or  limitations  on 
the  development  of  new  materials  for  tunable  operation  in  the  near  infrared.  The  plan  of 
research  was  simply  to  investigate  the  luminescence  properties  of  new  media  doped  with  Ni, 
Co,  (and  eventually  Cr)  ions  with  the  aim  of  identifying  materials  with  suitable  prc^r^es 
for  this  af^licadon. 

The  organisation  of  this  report  is  as  follows.  Chapter  1  provides  some  general  theoretical 
aiKl  background  information  to  the  project  and  is  intended  to  provide  the  context  and 
rationale  for  the  project  work.  While  the  experimental  results  obtained  with  a  wide  range 
of  glasses  and  ceramics  were  not  very  encouraging,  this  part  of  the  work  is  summarised 
briefly  in  Cluster  2.  The  data  on  the  various  Co  and  Ni-doped  materials  is  gath^ed  together 
in  Chapters  3  and  4,  respectively.  Chapter  5  is  devoted  to  materials  doped  with  chromium 
(Cr^'*',  Cr*'*').  Copies  of  various  publications  arising  from  the  project  ate  contained  in  the 
appendix,  which  follows  the  Conclusion. 
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CHAPTER  I 


1.1  Introduction. 

The  development  of  new  tunable  solid-state  lasers  (e.g.  Cr-doped  forsterite  and  alexandrite, 
Ti-doped  sapphire)  has  stimulated  a  search  for  new  materials  doped  with  transition  metal  ions 
which  emit  efficient  phonon-terminated  broadband  luminescence  at  room  temperature.  The 
principal  results  of  this  research  are  summarised  in  Tables  1-S,  which  also  summarize  the 
materials  and  important  results  identified  in  the  presoit  study.  These  tables  indicate  that  the 
vibronic  laser  materials  based  on  the  transition  m^  ions  are  made  mostly  from  oxide  or 
fluoride  single  crystals  doped  with  Ti^"*",  Cf*'*',  Co^'*’,  or  Ni^"'’  ions.  The  Cr*'*'  has 

emerged  only  in  the  last  few  years  as  a  worthwhile  laser  centre  in  its  own  right  which  can 
extend  the  range  beyond  that  of  Cr^'*’  in  the  infrared  and  new  crystal  hosts  are  being  sought 
w’lich  can  stabilise  this  oxidation  state.  Because  the  outer  (3d)  dectrons,  responsible  for  the 
optical  pr(^)erties  of  these  materials,  are  strongly  influenced  by  the  local  environment,  the 
optical  transitions  usually  take  place  between  levels  which  have  different  coupling  to  the 
lattice  and  this  usually  results  in  broadband  emission  (Fig.  1.1).  The  potential  laser 
transition  usually  corresponds  to  emission  from  dte  lowest  exdted  state  to  phonon  levds  of 
the  ground  state.  Tables  1-S  provide  a  useful  listing  of  all  the  systems**^*  which  have  been 
considered  in  recent  years  for  tunable  laser  action  as  well  as,  for  those  which  have  already 
lased,  their  tuning  range. 

Some  general  commoits  can  be  made  on  the  results  presented  in  these  tables. 

1 .  The  effective  tuning  range  (except  for  Ti^* ,  systems)  is  generally  much  reduced 

compared  with  that  expected  from  the  emission  spectrum  -  mainly  due  to  exdted  state 
absorption. 

2.  A  large  number  of  Cr-doped  systems  have  lased  fairly  efficiently  at  room 
temperature.  The  most  famous  are  GSGG,  alexandrite,  and  forsterite,  and  these  have 
been  marketed  commercially. 

3.  Systems  doped  with  Ni^*^  or  Co^*^  are  much  less  numerous,  because  (i)  there  are  not 
so  many  materials  which  can  accept  these  divalent  itms,  and  (ii)  they  give  rise  (in 
octahedral  coordination,  to  lower  energy  emissions  which  are  more  likdy  to  be 
quenched  by  non-radiative  processes.  Thus,  these  systems  will  often  only  lase  at  low 
temperatures  (^  1(X)  K). 

Again,  summarising  these  results  in  another  way,  Fig.  1.2  shows  the  emission  domains  which 
can  be  expected  with  each  of  these  ions.  Although  and  systems  have  been  included 
for  completeness  in  our  review  up  to  now,  only  Co^*,  Ni^'*',  and  Cr-doped  systems  were 
investigated  in  this  work.  From  Fig.  1.2,  it  should  be  possible  to  find  laser  systmns  which 
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TABLE  \A _ Cr-doued  systems 


1-14 


Host  matrix 

Emission  range 
(Mm) 

Tuning  range  (/im) 
at  room  temp. 

YaGajOu  (YGG) 

0.65  -  0.87 

0.73 

Gd3Ga50i2  (GGG) 

0.65  -  0.9 

0.74  -  0.84 

Gd3(Sc,Ga)sOi2  (GSGG) 

0.67  -  0.9 

0.74  -  0.84 

Gd3Sc2Al30j2  (GSAG) 

0.67  -  0.92 

0.78 

BeAl204  (alexandrite) 

0.67  -  0.83 

0.70  -  0.82 

CaY2Mg2Ge30i2  (Camgar) 

0.71  -  0.85 

0^3  i\l2Gc^  0 1 2 

0.7  -  0.8 

MgY2Mg2G^O,2 

0.71  -  0.9 

Be3Al2(Si03)e  (emerald) 

0.67  -  0.85 

0.73  -  0.81 

Mg2Si04:Cr*+ 

1.0  -  1.4 

1.21  -  1.26 

ZnW04 

0.8  -  1.3 

1.03 

LaMgAl„0,9  (LMA) 

0.65  -  0.9 

MgAl204 

0.7  -  1.2 

CI3  G2i2Gc^O  j  2 

0.87  -  1.2 

La3Ga5.jTao  50]4 

0.92  -  1.24 

L2I3G35GCO14 

0.88  -  1.22 

Lfl3G35SlO]4 

0.82-  1.12 

KZnF3 

0.71  -  0.9 

0.76  -  0.86 

N33G32^^3^  \2 

0.74  -  0.84 

SrAlFj 

0.72  -  1.05 

0.85  -  0.95 

UCaAlF^ 

0.65  -  l.O 

0.72  -  0.84 

K2NaScF5 

0.67  -  0.95 

Rb2KGaF6 

0.69  -  0.80 

Cs2NaYCl« 

0.83  -  1.25 

New  Materials 

BiGaC)3 

0.68  -  0.75 

Mg2Si04:Cr3+ 

0.68  -  0.85 

LaSr2Ga  11 020I  Cr^ 

0.69-1.1 

Y2Si05:Ci^+  (YSO) 

1.15  -  1.5 

GdjSiOjXt^-^  (GSO) 

1.2-  1.6 

Gd3Sc2Ga30,2:Ct^+  (GSGG) 
Ca3(V04)2:Cr^-"  (CVO) 

1.16-1.40 
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N 

T- 


4%^ 


Host  matrix 


Emission  range 

(jim) 


Tuning  range  Otm) 
at  LNj  temp. 


MgFj 

1.5  -  1.95 

1.61  -  1.74 

MgO 

1.2  -  1.5 

1.316-  1.409 

Ca  Y2Mg2Ge30  j2 

1.3-  1.8 

1.46 

Mg2Ge04 

1.35  - 1.9 

MgAi,04 

1.1-  1.5 

KMgFj 

1.53  -  1.95 

KZnFj 

1.53-2.0 

LaMgAl„0,9  (LMA) 

0.95  -  1.4 

LaMgGaxAl||.xO|9  (LMGA) 

1.0- 1.6 

GGG 

1.3  -  1.8 

LaGa03  (LGO) 

1.1  -  1.5 

YAIO3  (YALO) 

0.95  -  1.3 

RbCdFj 

1.8  -  1.95 

MgCl2 

CdCl2 

CsMgQ3 

CsCdOa 

New  materials 

MgNb20« 

1.65-1.8 

ZnNb20( 

1.65  - 1.8 

1.05  - 1.5 

LLAljO, 

0.90  -  1.50 

Mg2Si04 

0.80  -  1.5  (two  bands) 

TABLE  1.3  -  Ti^-^-dooed  svstems.”-^^ 


AI2O3 

0.6  - 1.2 

0.68  -  1.2 

YAIO3 

0.5  -  0.9 

Host  matrix 

Emission  range 
(Aim) 

Tuning  range  (^im) 
at  LNt  temp. 

MgFj 

1.5  -  2.5 

1.51-2.4 

KZnFj 

1.5  -  2.5 

1.65-2.18 

KMgFj 

1.5 -2.5 

1.62  -  1.9 

Mg2Ge04 

1.4  -  2.8 

ZnGa204 

0.65  -  1.0 

MgNb^Ofi 

0.82  -  1.20 

MgAl204 

0.7  -  1.5  (several  bands) 

LiGs^Og 

0.65  -  1.6  (several  bands) 

LiGa02 

0.94-1.16 

L2i3Gfl5SiO|4 

0.65  -  0.9  (two  bands) 

MgF2 

1.0-  1.4 

1.07-  1.15 

KMgFj 

0.9  -  1.2 

(gain  at  1.065) 

CsCdFj 

1.15-1.55 

1.24  -  1.32 

NaCl 

1.4 -2.5 

CsCdClj 

1.4-  1.8 

RbMnFa 

1.1  -  1.3 

KMnFj 

1.08-1  .23 

Emission  region  (full  lines)  expected  fo 
commercial  systems. 


operate  from  about  1.1  to  1.9  fim  with  Nr'*',  from  0.7  to  2.5  fim  with  Co^"*",  and  from  0.65 
to  1.4  fim  for  Cr  doping,  including  tetrahedral  coordination  for  Co"'*'  and  the  possibility  of 
Cr'*'*'  doping  (also  in  tetrahedral  sites). 

1.2  Solid-state  lasers  vs  tunable  dye  lasers 

Research  into  new  solid-state  lasers  in  recent  years  has  been  driven  by  the  following 
advantages'^  which  these  systems  can  offer  over  dye  lasers  (besides  their  availability  in 
wavelength  regions  which  are  not  attainable  at  all  by  dye  lasers). 

1 .  Better  photochemical  stability  under  laser  or  flashlamp  pumping. 

2.  Simpler  to  handle  -  no  solvents  or  complicated  flushing  procedures. 

3.  Slope  efficiencies  of  10  -  60  %,  better  than  many  dye  lasers. 

4.  They  are  true  4-level  systems,  which  means  lower  laser  thresholds. 

5.  They  have  broadband  absorption  spectra  throughout  the  visible  r^ion,  allowing 
pumping  by  flashlamps  or  other  lasers. 

Given  the  results  shown  in  Tables  1-5,  it  is  surprising  that  only  a  few  of  these  laser  systems 
are  commercially  available  (Cr-doped  alexandrite,  GSGG,  forsterite  ;  Ti-sapphire  ;  and 
MgF2:Co^'‘').  There  are  several  reasons  for  this  anomaly. 

1 .  Materials  growth  problems  of  congruency,  stoichiometry,  and  dopant  solubility  which 
can  make  the  optical  quality  unaccq}table  or  the  cost  prohibitive. 

2.  Thermally-induced  lensing  or  birefringence  can  degrade  the  laser  performance. 

3 .  Excited  state  absorption  at  the  laser  wavelength  and  non-radiative  relaxation  processes 
to  the  ground  state. 

It  is  clearly  worthwhile,  therefore,  to  continue  the  search  for  new  materials  by  exploring  the 
spectroscopy  of  new  media,  and  re-examining  previously  discarded  materials,  so  that 
luminescent  processes  in  solids  may  be  more  deeply  understood  and  reliable  ground  rules 
may  be  developed  to  guide  in  crystal  growth  programs. 

While  laser  action  has  been  achieved  in  several  Co  and  Ni-dq)ed  materials  at  low 
temperatures,  quenching  mechanisms  such  as  non-tadiadve  relaxation  and  excited  state 
absorption  have  prevented  all  systems  based  on  these  ions  (except  MgF2:Co)  ^m  operating 
at  room  temperature.  The  purpose  of  this  research  project  was  to  search  for  new  tunable 
solid-state  laser  matoials. 

1.3  Theoretical  background 

The  Tanabe-Sugano  diagrams^^,  which  give  the  energy  levels  as  a  function  of  the  (octahedral) 
crystal  field  strength,  are  shown  in  Fig.  1.3  for  the  important  laser  ions.  The  abscissa  is 
the  ratio  Dq/B,  whoe  Dq  is  the  local  crystal  field,  assuming  a  point  charge  model,  and  B 
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with  B  =  640  cm“',  C/B  =  4.8  ;  (b)  corresponds  to  d“,  and  can  represent  either  in  an  octahedral  site,  or  Cr^^  (d^) 
in  a  tetrahedral  site  (B  =  890  cm"',  C/B  =  4.4);  (c)  corresponds  to  d^  in  an  octahedral  field  (B  =  845,  C/B  =  4.5). 
For  Co^'*'  in  a  tetrahedral  site,  the  crystal  field  split  components  of  the  ground  state  are  inverted. 


is  the  Racah  parameter  which  measures  the  intra-ion  electron  repulsion.  These  diagrams  only 
give  a  crude  estimate  of  the  true  situation  since  covalency  effects,  spin-orbit  coupling,  and 
lower  symmetry  fields  at  the  impurity  ion  site,  are  not  included.  Although  only 
approximations,  they  provide  some  insight  and  guidance  in  the  search  for  laser  media.  For 
systems  doped  with  Cr^'*’  and  the  crossing  point  of  the  •£  and  ^3  levels  takes  place 
when  Dq/B  =  2.3  ;  below  this  value,  we  have  "low-field"  systems  in  which  the  emitting 
state  is  the  ^2  coupling  to  the  lattice  is  very  different  from  that  of  the  ground 

(*A2)  state,  resulting  in  broad-band  (tunable)  emission.  When  Dq/B  <  2.3,  we  have  "high- 
field"  behaviour  (e.g.  ruby)  characterised  by  sharp  line  emission  from  the  ~E  level  to  the 
ground  state.  Many  broad-band  laser  systems  correspond  to  the  low-field  case  but  where 
the  ^2  ~  separation  is  so  small  that  the  quartet  level  is  populated  at  room  temperature. 
In  this  way,  the  long-lived  level  provides  storage  for  the  ^2  '*'***'  which  it  is  in 

thermal  equilibrium.  (GSGG,  alexandrite,  and  emerald  are  examples  of  this  behaviour). 

For  systems  doped  with  Ni^'*'  or  Co^'*',  the  Dq/B  values  in  typical  hosts  are  such  that  the 
emission  from  the  lower  excited  states  are  almost  always  in  the  form  of  broad  bands  at  room 
temperature. 

1.3.1  Non-radlative  Processes 

The  non-radiative  relaxation  rate  W,,)k,  which,  together  with  the  radiative  rate, 
influences  the  overall  fluorescence  lifetime,  is  a  complicated  function  of  the  Huang-Rhys 
parameter  S,  and  of  the  frequency  y,  and  the  average  number  (NJ  of  the  modes  involved  in 
the  transition^  (see  Chapter  3).  It  also  depends  on  the  matrix  element  <  r^/rp/r^>  where 
F.,  F),  are  the  irreducible  rqrresentations  characterising  the  ground  and  the  excited  states 
respectively  and  Fp  is  the  rqnesentation  characterising  the  interacting  phonon  modes. 

Considering  this  matrix  element  alone,  some  comments  can  be  made  for  particular 
combinations  of  active  ion  and  host  lattice.  The  lower  energy  optical  transitions  occur 
between  orbital  states  A2  and  Tj  in  the  case  of  Ni^'*’  and  V^'*'  in  low-field  systems  while  they 
occur  between  stausi  T,  and  T2  in  the  case  of  Co^'*'  (see  Fig.  1.3).  Thus  grotq)  theory 
analysis  of  the  above  matrix  elem«it  for  ions  in  octahedral  site  symmetry  shows  that  only 
Ti,  promoting  modes  can  be  efficient  in  Ums  case  of  Ni^'*’,  Cr^'*’  and  V^'*'  ions  while  A2g,  Eg, 
T|g  and/or  T2g  can  act  in  the  case  of  Co^'*'.  Knowing  that  coupling  to  T|g  modes,  which 
correspond  to  a  simple  rotation  of  the  immediate  ligands,  is  usually  vay  weak,  we  can 
conclude,  in  agreement  with  experimental  observations,  that  the  non-radiative  processes  are 
much  more  efficiott  in  the  case  of  Co^'*'  than  in  the  case  of  the  other  ions.  In  otha*  words, 
the  fluorescence  quenching  occun  at  lower  temperatures  (generally  <  100  K),  in  the  Co^*^- 
doped  systems  [53]  than  in  the  same  hosts  doped  by  Ni^"*",  Cr’^  or  ions.  Similar 
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symmetry  considerations  can  be  used  to  understand  the  increased  non-radiative  processes  in 
the  systems  with  lower  local  site  symmetry,  thus  systems  in  which  a  larger  range  of  phonon 
mode  types  can  be  involved.  This  is  illustrated  by  the  fact  that  the  quenching  temperatures 
of  the  infrared  fluorescence  lifetimes  for  Ni-'*’  or  V^'*'  in  cubic  systems  such  as  MgO  and 
KMgF3  are  higher  than  for  other  hosts  (MgF2)  where  there  is  a  tetragonal  local  site 
distortion.  Although  one  might  infer  that  cubic  systems  with  octahedral  local  site  symmetry 
should  be  preferable  for  laser  purposes,  considerations  such  as  the  oscillator  strength  of  the 
transitions,  are  generally  more  important  in  the  case  of  low  symmetry  systems,  so  that 
acctiiate  predictions  of  the  importance  of  the  non-radiative  processes  in  the  laser  properties 
ot  these,  materials  still  remain  rather  uncertain.  Also  the  absence  of  possible  7,^  distortions 
in  some  Cr^  ^  doped  perovskites  has  led  to  the  inclusion  of  other  T ;g-type  nuxles  involving 
complex  motions  of  the  ligands  which  are  effective  in  promoting  radiationless  transitions,  so 
that  the  above  selection-rule  is  not  very  strict  either  for  cubic  systems. 

Multiphonon  non-radiative  transition  rates  can  be  explained  quite  well,  for  trivalent 
lanthanide  ions,  in  terms  of  well-known  semi-empirical  models,  which  describe  the  process 
in  terms  of  the  energy  gtqr  between  the  initial  and  final  states,  and  empirical  (lattice- 
dependent)  constants.^*  For  example,  a  great  deal  of  attention  has  been  given  to  the 
determination  of  the  radiative  and  nonradiadve  branching  ratios  out  of  the  various  levels  of 
the  manifold  of  Eu^*^  in  solids.  As  a  rnult,  much  is  known  about  both  the  nature  of 
excited-state  interactions  in  such  systems  and  the  physical  factors  that  influence  them,  hi 
contrast,  our  understanding  of  the  radiative  and  non-radiative  transitions  occurring  between 
excited  states  of  transition  metal  ions  is  poor.  This  is  due  mainly  to  the  fact  that  the  stronger 
interaction  of  these  ions  with  their  environment  greatly  complicates  the  problem  of  describing 
electron-phonon  coupling.  Unlike  the  trivalent  lanthanides,  the  degree  of  electron-phonon 
coupling  may  also  vary  significantly  among  the  different  electronic  states  of  the  ion,  resulting 
in  dramatic  differences  in  the  nature  of  the  interactions  (both  radiative  and  non-radiative) 
between  different  pairs  of  electronic  states.  This  makes  it  impossible  to  goieralize  the 
description  of  the  behaviour  of  multiphonon  transitions  in  these  systems  in  terms  of  "lattice 
constants”.  Also,  relatively  little  detailed  experimenial  information  about  transitioiis  between 
excited  states  of  3d  ions  is  available.  For  example,  although  excited-state  absorption  (ESA) 
processes  in  solid-state  laser  materials  ate  impentant,  in  that  they  may  adversely  affect  laser 
ouqrut,  it  is  only  recently  that  careful  ESA  measurements  have  been  performed  on  3d  ions 
other  than  Cr^'^.  The  ESA  of  Ni^^  in  MgFz'*  and  MgO,**  *’  and  in  MgFj^’  and 
KMgF3^’  have  now  also  been  railed.  Information  on  transitions  between  excited  states  of 
Ti^^  in  MgClj  was  obtained  using  excited-state  excitation  (ESE)  measurements.^  Still,these 
studies  provide  information  only  on  radiative  transitions  between  these  excited  states.  From 
a  practical  standpoint,  accessing  information  about  non-radiative  transitions  between  excited 
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states  requires  that  the  ion  under  investigation  exhibit  luminescence  from  more  than  one 
excited  state,  and  that  these  states  be  coupled  by  radiative  and  or  nonradiative  processes. 
The  only  3d  ion  shown  to  exhibit  two  metastable  emitting  states  in  a  variety  of  lattice  (e.g. 
oxides,  chlorides,  and  fluorides)'’-^'^*  is  Nr'*'. 

The  first  quasi  four-level  vibronic  laser  was  demonstrated  with  Nr '''-doped  MgFj^' 
and,  since  then,  the  optical  properties  of  the  Ni^'*'  ion  in  various  solid  state  hosts  have 
received  a  great  deal  of  attention  in  the  literature. The  search  for  new  Ni^'''  laser 
materials  has  cmtered  on  doping  into  fluoride  and  oxide  lattices,  with  the  more  recent 
emphasis  being  placed  on  the  oxides.^  A  great  deal  of  e^ort  has  been  applied  to  gaining 
understanding  of  the  processes  involved  in  the  non-radiative  deactivation  of  the  dopant  ion 
from  an  excited  state  to  its  ground  state.  The  problem  has  proven  to  be  quite  formidable, 
however,  and  all  models  currently  in  use  treat  the  problem  in  either  an  empirical  or  semi- 
empirical  manner.  Parameter  values  resulting  hnom  the  application  of  these  models^  are 
often  difficult  to  interpret  physically  and  many  studies  do  not  attempt  to  analyze  these  values 
in  terms  of  actual  physical  process  within  these  materials.  The  problem  is  complicated 
further  by  the  fact  that  different  approaches  to  choosing  input  parameters  for  the  non¬ 
radiative  decay  models  can  significantly  affect  the  outcome  of  such  calculations.  The  wide 
range  of  behaviour  exhibited  by  transition  metal  ions  serves  to  emphasize  how  difficult  it  is 
to  formulate  any  general  rules  which  will  provide  reliable  estintates  of  parameters  such  as 
the  luminescence  decay  rate  for  a  new  host  material.  This  uncertainty  has  resulted  in  a 
broad  survey  or  "trawling"  approach  to  the  search  for  new  laser  media,  which  is  also 
followed  in  this  investigation. 
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CHAPTER  2 


GLASSES  AND  GLASS-CERAMICS 


2.  1  Introduction. 

Although  most  of  this  report  describes  results  obtained  with  crystalline  media,  we  also 
investigated  various  amorphous  materials  (glasses/ceramics)  d(q)ed  with  Co,  Ni,  and  Cr  iims. 
Glasses  and  ceramics  appeared  to  offer  the  possibility  of  tailoring  the  luminescent  propoties 
of  the  material  by  variation  of  the  composition  and  by  suitable  heat  treatment.  While  this 
tq>proach  had  not  been  successful  with  Cr  ions,  die  reason  for  this  failure  is  now  wdl 
understood  and  it  seemed  that  the  possibility  of  (ditaining  efficient  luminescence  from 
amorphous  materials  doped  with  Co  and  Ni  should  be  explored.^^  Thus,  in  the  early  stages 
of  the  project  we  initiated  the  preparadon  of  various  Co-  and  Ni-doped  glasses  and 
glass-ceramic  materials  and  surveyed  a  range  of  diffoent  glass  types  for  useful  emission 
properties.  While  these  early  glass  prqiaration  efforts  woe  somewhat  '*hit-or-miss”,  we 
hoped  that  the  results  of  our  broad  initial  surveys  in  both  the  glassy  and  crystalline  media 
would  provide  sufficient  guidance  to  enable  us  to  suggest  glass  composition  and  fobrication 
procedures  (thermal  treatment,  etc.)  which  would  be  likely  to  yield  useful  emissions  and  high 
luminescence  efficiency.  At  that  point,  we  planned  to  prcpan  and  evaluate  new  doped 
glasses  to  provide  continuous  feedback  for  further  trials.  Our  experiences  in  this  area  are 
summarised  in  this  cluq)ter. 

2.2  Initial  approach 

A  selection  of  glasses  and  ceramics  were  ordered  from  another  institution  (University  of 
Limerick,  Ireland)  with  expertise  in  glass  fabrication  techniques.  This  institution  is 
technology-oriented  and  had  an  ongoing  research  programme  devoted  to  the  fobrication  and 
testing  of  oxy-nitride  glass-ceramics  for  engineering  aj^lications.  The  first  batch  of  glasses 
and  ceramics  were  doped  with  Co^'*',  Ni^*^,  and  Cr^'*' ;  undoped  control  samples  were  also 
provided.  They  were  cut  into  suitable  sizes  for  optical  absorption  and  laser-excited 
phtMoluminescence  experiments  and  their  spectroscopic  behaviour  was  investigated. 

Our  approach  was  based  on  the  experiences  of  Coming  Glass  Works  (U.S.A.),  where 
Cr^'*'-doped  silicate  glass  ceramics  had  been  fabricated  as  potential  luminescent  s(^ 
concentrators.^  In  these  materials,  miciXKnystals  of  the  qnnel  (ZnAl}04)  are  precipitated 
out  of  the  mainly  silica  "mother”  glass  to  form  a  glass-ceramic  of  high  optical  quality.  At 
about  the  same  time,  efficient  luminescence  had  been  obtained  from  Ni-doped  crystalline 
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materials  with  the  spinel  structure.^  Guided  by  these  results,  we  ordered  also  a  range  of 
glasses  with  ~  60%  silica  and  the  remainder  an  equimolar  mixture  of  AI2O3  and  ZnO  with 
other  minor  constituents  to  aid  the  glass-forming  process.  Nickel  and  cobalt  doped  versions 
of  the  glasses  were  obtained  by  diluting  the  ZnO  content  with  small  additions  of  either  NiO 
or  CoO.  If  a  glass  mixture,  providing  efficient  IR  emission,  could  be  reproducibly  fi^ricated 
it  should  have  been  possible  to  prepare  the  material  in  fibre  form  and  develop  a  tunable  fibre 
laser  based  on  gas  laser  pumping  or,  in  the  ideal  case,  pumping  by  a  diode  laser.  The  broad 
absorption  bands  of  the  Coi^*  and  Ni^'*'  ions  would  allow  matching  with  one  of  the  many 
diode  laser  wavelengths  currently  available. 

At  this  time  also,  we  requested  funding  from  the  University  Development  Fund  to  purchase 
a  furnace  and  associated  utensils  (platinum  crucibles,  moulds,  etc)  to  enable  us  to  have  more 
control  over  the  development  of  new  materials  and  to  speed  up  the  process  of  fabrication  and 
characterisation.  The  principal  investigator  also  q)ent  a  week  in  the  University  of  Utrecht 
(Holland)  in  May  1989  with  the  aim  of  0)  acquiring  some  expertise  in  glass  fabrication,  and 
(ii)  obtaining  information  and  guidance  on  the  best  choice  of  furnace  and  utensils  for  die 
purposes  of  our  studies.  He  also  visited  the  University  of  Lyon  (France),  which  has  an 
ongoing  research  programme  on  luminescent  material  fabrication  and  characterisation.  The 
possibility  of  growing  some  glasses,  and  ceramics  for  our  studies  and  the  feasibility  of 
purchasing  glass  samples  from  this  source,  were  explored  while  in  Lyon.  We  also  had  useful 
discussions  on  the  most  promising  crystalline  materials  for  our  studies. 

1.3  Initial  results 

Within  the  first  year,  a  range  of  silicate,  phoqrhate,  and  borate  glasses  as  well  as  oxy-nitride 
glasses  and  ceramics  were  acquired  from  various  sources.  Initially,  the  difficulty  of 
obtaining  such  samples  prompted  us  to  consider  setting  up  glass  fabrication  facilities  within 
the  department.  During  visits  to  the  University  of  Utrecht  and  the  Philips  Laboratories  in 
Holland,  several  glasses  were  prepared  and  the  techniques  for  glass  fabrication  were  studied. 
However,  the  results  were  generally  disappointing  and  only  very  weak  luminescence  was 
detected  from  these  materials  and  even  then  not  in  all  the  samples.  A  range  of  oxy-nitride 
glass/ceramics  doped  with  Ni^'*',  Co^'*',  and  Cr^^  were  obtained  from  the  University  of 
Limerick  (Ireland).  These  materials  were  made  from  one  of  the  following  mixtures,^ 


(a)  Y2O3,  AI2O3,  Si3N4,  AIN,  SiOj,  YN. 

(b)  MgO,  AI2O3,  Si3N4,  AIN,  SiOj,  Mg3N2 

Depending  on  the  composition  and  heat  treatment,  various  crystalline  phases  may  be 
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precipitated  in  the  ceramic.  In  type  (a)  YAG  is  a  common  crystalline  constituent  while  in 
type  (b)  the  main  crystallisation  products  are  forsterite,  MgSi03,  and  MgAl204  (spinel). 
Four  different  samples  were  obtained  for  each  dopant  ion.  Here  the  results  were  more 
encouraging  as  almost  all  the  samples  showed  some  luminescence  in  the  0.8  -»  1.8  /tm 
spectral  region.  Some  representative  spectra  are  shown  in  Fig  2.1.  A  particularly  strong 
band,  centred  at  *  1.55  /itm,  was  observed  in  all  the  materials  -  even  in  the  nominally 
undoped  samples  of  each  batch.  It  does  not  occur  in  samples  deliberately  d(q)ed  with  Nd. 
At  this  point,  plans  to  loricate  glasses  in-house  were  postponed  and  it  was  decided  to 
concentrate  on  glass-ceramics  for  the  future  as  these  seem  to  offo*  more  likdy  hosts.  We 
ordered  a  further  set  of  such  materials  from  the  facility  in  the  University  of  Limerick.  These 
were  based  on  silicate  glass  ceramics  (from  a  melt  containing  AI2O),  Si02,  and  ZnO)  in 
which  the  crystalline  phase,  doped  with  cobalt  or  nickel,  was  expected  to  have  die  gahnite 
spinel  structure.  This  was  suggested  by  the  success  achieved  by  GTE  Labs^  in  obtaining 
high-quality  Cr-dt^ied  ceramics  for  luminescent  plications  based  on  this  mixture. 

Although  we  have  examined  more  than  30  different  glass  compositions,  we  have  not 
observed  any  strong  luminescence  features  in  these  materials  that  we  could  definitely  ascribe 
to  emission  to  the  dpnt  TM  ions.  The  strong  emission  band  observed  in  many  of  the 
oxy-nitride  glasses  at  1.5  /im  is  not  associated  with  the  TMI  dpnt  and  may  be  due  to 
contamination  of  the  starting  materials  by  rare  earth  elements. 

Some  fluoride  glasses  doped  with  Ni  and  Co  ions  were  obtained  from  La  Verre  Fluore 
in  Rennes  (France)  and  these  samples  provided  the  best  luminescence  signals  obtained  to  date 
from  glasses.  We  are  hoping  to  pursue  this  avenue  and  obtain  long  fluoride  glass  fibres 
doped  with  these  ions  and  explore  the  possibility  of  obtaining  amplification  over  the  Itmg  path 
lengths  involved.  We  suggest  that  any  future  investigations  on  glassy  host  materials  should 
be  confined  to  fluoride  glasses. 
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WAVELENGTH  (i»>) 

Fig.  2.1  Selected  luminescence  spectra  of  oxynitride  glasses  and  ceramics. 
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CHAPTER  3 


Co-DOPED  MEDIA 


3.1  Introduction 

The  stimulus  for  this  project  was  the  encouraging  preliminary  results^^*^  obtained 
with  LiGasOg  doped  with  Nr'*'  and  Co'*^.  Encouraged  by  the  AFOSR  support,  we  continued 
our  investigation  of  the  basic  spectroscopy  of  these  materials.  Since  our  earlier  studies,  we 
acquired  a  smsitive  Ge  detector  which  allowed  us  to  look  at  ail  the  Co^'*'  emission  bands 
widi  the  same  detector.  (In  our  previous  experiments,  three  different  detector  systems  were 
used  to  record  the  various  emission  bands).  The  complete  room  temperature  qwctrum 
recorded  with  the  Ge  detector  is  shown  in  Fig  3.1.  Although  the  emission  is  dominated  by 
the  highest  energy  band,  this  system  is  important  and  interesting  in  that  it  provides  several 
broad  transitions  in  the  near  IR  which  could  be  used  to  obtain  tunable  laser  action  in  this 
region.  Pumping  with  an  argon  ion  laser  in  a  configuration  similar  to  that  used  for 
Ti:  sapphire  may  be  feasible.  However,  the  quality  of  our  materials,  flux  grown  samples 
from  the  Bell  Labs  (1965),  was  poor  -  showing  non-uniform  blue  coloration.  Very  beautiful 
samples  obtained  from  Stanford  University  were  found  to  be  colored  only  on  the  surface. 
In  the  meantime,  we  investigated  our  own  samples  in  more  detail  via  FLN  studies  of  the 
sharp  zero-phonon  line  at  650  nm  at  low  temperature.  An  unusually  large  ground  state 
splitting  of  -  30  cm"*  was  observed  which  we  ascribed  to  the  low  symmetry  at  the  Co?'*’ 
site  and  the  small  ^A2  -  ^2  separation,  as  well  as  significant  inhomogeneous  broadening 
which  masked  the  splitting  in  the  non-narrowed  emission  spectrum.  The  latter  is  probably 
due  to  lattice  strain  and  charge  compensation  effects.  This  work  was  rqxnted  at  the 
Dynamical  Processes  in  Solids  Conference  (Atlanta,  GA)  and  was  published  in  J. 
Luminescence.  (Appendix  1).  A  more  detailed  analysis  of  the  spectroscopy  of  this  material, 
including  ODMR-MCD  studies  by  co-workers  in  the  University  of  Lehigh,  was  subsequently 
carried  out  in  order  to  fully  characterise  this  interesting  material.  A  complete  report, 
including  a  detailed  theor^cal  analysis  of  the  crystal  field  levels  of  the  Car*  ion  in  diis 
matoial  and  idendficadon  of  the  nature  of  the  impurity  environment,  was  published  recendy 
in  Physical  Review  (Appendix  2).  Meanwhile,  we  searched  for  new  Co-dq)ed  materials  and 
our  results  are  gathered  in  the  following  sections. 

3.2  Optical  spectroscopy  of  MgNb204:Co^^ 

3.2.1  Crystal  Structure  of  the  Host  Materiai :  Magnesium  Niobate  has  the  same  structure 
as  the  mineral  columbite  (Nb2(Fe,Mn)0«^’.  Columbite  has  a  tetra-molecular  ordKuhombtc 
cell  of  the  dimensions  ao»14.238A,  bo«5.730A  and  Co«5.082A.  It’s  space  group  is 
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Fig.  3. 1  The  luminescence  spectrum  of  LiGasOgiCo^"*^  recorded  at  24  K  and  290  K. 

The  energy  level  structure  for  the  Co^'*'  ion  in  an  tetrahedral  site  in  this 
material  is  also  shown. 


D2i,’^(Pbcn)  with  iron  and  manganese  atoms  occupying  the  positions  ; 

±(0,u,  14)  ±('/i,u+‘A,'/4)  where  u  =  0.350. 

All  other  atoms  are  in  the  general  positions  ; 

±(x,y,z;  x,y,z+'A;  '/4-x,'A-y,z+'A;  •A-x,y+'A,z) 
where  the  parameters  x,y  and  z  for  these  atoms  are  shown  in  table  3.1  below. 


Table  3.1 


Atom 

X 

y 

z 

Nb 

0.163 

0.175 

0.750 

0(1) 

0.090 

0.095 

0.083 

0(2) 

0.410 

0.100 

0.083 

0(3) 

0.750 

0.080 

0.070 

In  this  structure  each  metal  atom  is  surrounded  by  a  nearly  regular  octahedron  of  oxygen 
atoms  which  are  approximately  hexagonally  closed-packed.  The  (Fe,Mn)-0  octahedra  are 
arranged  in  chains  ranged  along  the  a^  axis  and  held  together  by  sharing  edges.  In 
MgNb206,  the  Mg  ions  occupy  the  equivalent  positions  of  the  Fe  and  Mn  ions  in 
Nb2(Fe,Mn)06.  As  the  Mg^"*"  ions  in  MgNbjO^  have  the  same  valency  as  Co^'*’  and 
remembering  that  niobium  has  a  valency  of  +5,  we  can  assume  that  the  nickel  substitutes 
as  Ni^"*"  for  in  MgNbjOe.  The  colour  of  the  MgNbjO^iCo^'*'  crystals,  pale  blue,  is 
unusual  if  the  cobalt  is  substituted  as  Co^'*'  in  octahedral  as  expected  in  this  material. 
Normally,  Co^'*'  ions  in  oxide  hosts  give  rise  to  a  red  colour  when  octahedrally  coordinated 
and  a  blue  colour  when  tetrahedrally  coordinated^.  The  crystal  structure  in  this  case, 
however,  only  allows  an  octahedral  site  for  the  substitutional  Co^^  ion.  Note  that  although 
the  Co^'*'  immediate  environm«it  is  approximately  an  oxygen  octahedron,  the  actual  site 
symmetry  is  much  lower  -  Co.  The  samples  used  in  this  study  were  of  good  optical  quality 
but  were  not  optically  oriented. 

3.2.2  Luminescence  and  Absorption  Data 

The  only  emission  from  MgNb20«:Co  observed  in  this  study  was  a  broad  band  centered  at 
about  950  nm.  The  low  temperature  (21  K)  spectrum  (uncorrected  for  die  sy^m  reqxmse) 
excited  by  an  Argon  ion  laser  is  shown  in  Fig.  3.2.  It  consists  of  a  weak  zero  phonon  line 
at  821.2  nm  and  a  very  strong  sideband  extending  to  - 1.2  ftm.  Apart  from  the  zero  phonon 
line,  some  structure  is  evident  on  the  high  energy  side  of  the  emission  band.  The 
luminescence  qiectra  are  shown  at  intermediate  temperatures  b^ween  21  K  and  room 
tempmature  are  also  shown  in  Fig.  3.2.  At  21  K  the  peak  of  the  siddiand  occurs  at  925  nm 
and  at  room  tempoature  the  peak  has  shifted  to  975  nm.  The  sideband  broadens 
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Fig.  3.2  Luminescence  spectra  of  MgNb20(:Co^''^  recorded  at  various  temperatures.  The  energy  level  diagram  on  the  right 
was  derived  from  absorption  and  luminescence  data. 


considerably  and  extends  beyond  1.3  /im  at  room  temperature.  The  integrated  intensity  of 
the  emission  as  a  function  of  temperature  is  shown  in  Fig.  3.3.  As  can  be  seen  from  the 
figure,  the  intensity  remains  relatively  constant  up  to  160  K  and  then  falls  off  rapidly.  This 
fall  off  in  intensity  is  attributed  to  an  increase  in  the  non-radiative  decay  rate  at  higher 
temperatures. 

The  absorption  spectrum  for  MgNb20(:Co  at  8S  K  is  shown  in  Fig.  3.4.  The  spectrum  is 
very  similar  to  that  observed  for  Co^'*'  in  octahedral  sites  in  other  oxide  hosts^^’^  and  based 
on  the  assignments  in  these  references,  we  assign  the  6500  cm'*  and  13S00  cm*'  absorption 
bands  of  MgNb20s:Co  to  the  ^iC^F)  -►  ^2(^*0  and  ^Tif^F)  -•  ^2^*^)  transitions, 
reqtectively,  of  octahedrally  coordinated  Cd^*.  We  attribute  the  18000  cm-1  absorption  to 
the  ^,(^F)-*^,(^P)  transition.  By  solving  the  secular  determinants  for  the  lowest  crystal 
field  levels  of  this  system,  we  obtain  expressions^  for  these  level  energies  in  terms  of  the 
crystal  field  parameter  Dq  and  Racah  parameter  B.  A  best  fit  to  these  energies  is  obtained 
for  the  following  values  :  Dq  =  727  cm~‘  and  B  =  800  cm*'  ;  Dq/B  =  0.9  (see  Fig.  2.3) 

In  most  Co^***  doped  materials  luminescence  occurs  firom  the  first  excited  state  ^2(^^ 
to  the  ^A2(4F)  ground  state  only^^‘^^’“.  Thus  in  MgNb206:Co"^  we  would  expect  the 
entission  to  occur  around  1.8  pint  (6500  cm*').  We  were  unable  to 
investigate  this  r^on  of  the  spectrum  with  the  detectors  available.  We  assign  the  observed 
emission  at  - 1  ^tm  to  the  ^A2(^F)-*^,(^F)  tranation.  The  resulting  energy  level  scheme 
showing  both  absorption  and  luminescence  transitions  is  shown  as  an  inset  in  Fig.  3.2. 

3.2.3  Lifetime  Measuranents  and  Discussion. 

The  decay  time  of  the  observed  infra-red  luminescence  band  was  measured  as  a  function 
of  temperature  between  30  K  and  320  K.  At  low  temperature  (31  K)  the  decay  time  was 
found  to  be  4.48  ^s.  This  very  short  decay  time  is  consistoit  with  our  assignment  of  the 
luminescence  to  the  spin-allowed  ^A2-*^t  transition.  As  the  Co^***  ion  site  lacks  inversion 
symmetry,  the  transition  is  also  parity-allowed.  Fig.  3.3  shows  how  the  observed  decay  time 
varies  as  the  temperature  is  increased.  The  decay  time  remains  almost  constant  up  to  200 
K,  and  then  decreases  rs^idly.  Since  the  temperature  dependencies  of  the  integrated  intensity 
and  of  the  decay  time  are  very  similar,  we  attribute  the  fall  off  in  the  observed  decay  time 
with  increasing  temperature  to  the  growth  of  mm-radiative  decay  processes.  The  observed 
decay  rate  W  is  given  by  W»W,-l-Wa„  where  W,  is  the  radiative  decay  rats  and  W^  the 
non-radiative  decay  rate.  We  assume  that  the  contribution  from  vibronic  {ffocesses  to  the 
emission  is  n^ligible  so  that  W^  is  indqrendent  of  temperature.  For  the  analysis  which 
follows  we  also  assume  the  energy  levd  portions  do  not  vary  with  temperature. 


Temerature  dependence  of  the  lifetime  and  total  intensity  of  the  emission  from  MgNb20(: 


CS J.  I  Mn  ■  QH V  D  MO  I  -Ldfctosev 


?lg.  3. 4  The  absorption  spectrum  for  MgNb20«:Co  at  S5K.  The  arrow  indicates 
a  discontinuity  which  results  from  a  change  of  detector. 


24 


From  a  quantum  mechanical  analysis,  the  non-radiative  decay  rate  W„  is  given  by^ 


r  =  J_  =  ji«p(-5(l>2in))  ^  V -^(1 V 
pi  l^lKl*P)r 


where  R  is  an  electronic  matrix  element,  P  =  AEJtioi  where/  AE  is  the  energy  gap  b^een 
the  two  levels,  and  hut  is  the  effective  phonon  energy.  S  is  the  Huang-Rhys  factor  and  m 
the  mean  thermal  occupancy  in  the  vibrational  mode  where; 

1  (3.2) 

exp(Au/ii:7)-l 


The  non-radiative  decay  rate  Wg,  as  a  function  of  temperature,  normalised  to  its  value  at 
320K,  is  shown  in  Fig.  3.5.  Theoretical  plots  of  equation  3.1  for  S  =  3  and  different  sets 
of  P  and  fioi  where  Pfiu  —  AE  =  7183  cm'*  are  also  shown  (full  lines).  Best  fit  occurs  for 
P  =  21  and  hu  =  340  cm'*,  which  suggests  that  the  dominant  phonon  energy  is  340  cm  *. 
It  is  found  that  the  expression  for  the  non-radiative  rate  (eqtn.  3. 1)  is  not  as  sensitive  to 
variations  in  S  as  to  variations  in  P  and  hu.  Although  we  caimot  deduce  an  accurate  value 
for  S  from  the  lifetime  data,  we  can  estimate  this  parameter  from  the  absorption  and 
luminescence  data.  For  the  ^A2  -•  emission,  the  energy  difference  between  the  zero- 
phonon  line  and  the  peak  of  the  siddiand  is  given  by,^** 

(S  -  =  1366  cm-* 

For  different  values  of  S  and  hu  which  satisfy  the  above  equation,  theoretical  models**  of 
the  emission  were  constructed  and  compared  with  the  actual  emission.  The  dependence  of 
the  emission  band  intensity  on  the  number  of  phonons  m  (energy  fiu)  is  given  by 


1(E)  -  I  d(£,+«h«-£) 

w! 


(3.4) 


where  Eg  is  the  energy  of  the  electronic  origin.  Best  fit  (Fig.  3.6)  occurred  for  S  «  4.5  and 
hu  =«  342  cm'*.  Therefore  S  =  4.5  was  taken  as  the  Huang-Rhys  factor  for  the  *A2-**T, 
transition  and  h<a  »  342  cm  *  as  the  effective  phonon  energy  involved  in  the  nonradiative 
process. 

It  is  interesting  that,  in  this  material,  the  rapid  nonradiative  relaxation  from  *A2  to 
*T2,  which  normally  occurs  in  other  Co^'''-doped  materials,  is  not  as  efficient.  Additional 
luminescence  from  this  system  in  the  transition  *A2  -*  *T2  (as  well  as  the  usual  laser 
transition  *T2  *Ti)  is  expected  beyond  the  range  of  our  present  detector  but  we  hope  to 
explore  this  region  with  new  detection  facilities  in  the  near  future. 
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Fig.  3.5.  The  non-radiative  rate  (normalised  at  320  K)  as  a  function 
of  temperature  for  MgNb2Qj:Co^'*'.  The  full  lines  are  the  theoretical 
plots  of  eqtn.  3. 1,  for  S  =  3  and  for  diffetent  values  of  P  and  flu 
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Fig.  3.6.  Best  fit  between  the  observed  emission  and  eqtn.  3.4 
occurred  for  h<a  *  342  cm“'  and  S  =■  4.5.  Individual  points  indicate 
a  plot  of  eqtn.  3.4  for  discrete  values  of  m. 
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3.3  Luminescence  from  tetrahedral  Co^'*'  ion  in  MgAl204 

Our  previous  studies  of  the  luminescence  properties  of  tetrahedrally  coordinated 
Co^''‘(d^)  ion  in  LiCajOg  was  one  of  the  reasons  for  embarking  on  this  project  and  we 
searched  for  other  materials  in  which  the  Co^'*'  ion  occupied  a  tetrahedral  site.  A  similar 
luminescence  pattern  was  found  in  MgAl204:Co^''‘.  Absorption  bands  in  this  material  at 
7200,  17000  and  21000  cm  '  are  assigned  to  transitions  from  the  ^A2  (^F)  ground  state  to  the 
(^F),  (^P)  and  (^P)  excited  states  of  tetrahedrally  coordinated  Co^"^,  respectively. 

The  crystal  field  parameters  Dq=400  cm*',  B=730  cm*'  and  C=3500  cm*'  are  estimated  for 
a  Co^'''  ion  a  site  of  pure  Tj  symmetry.  Saturation  of  Co^''’  absorption  at  540  nm  was 
measured  and  the  peak  absorption  cross  section  for  the  ^A2  (^F)  C*P)  transition  was 
estimated  to  be  4  x  10*'^  cm^.  The  broad  luminescence  bands  observed  in  the  visible  at  660 
nm  and  in  the  near  infrared  at  880  nm  and  1290  nm  are  assigned  to  transitims  from  the 
^,C*P)  excited  level  to  the  lower  lying  ^A2(*F),  *r2(*F)  and  ^i(*F)  levels,  re^rectively.  The 
low-temperature  spectrum  is  shown  in  Fig.  3.7.  In  contrast  to  liGasOg,  however,  the 
luminescence  intensity  falls  rapidly  with  increasing  tempoature  and,  at  room  temperature, 
the  luminescence  quantum  yield  was  estimated  to  be  less  than  1  % .  The  luminescence  decay 
was  shown  to  be  non-exponential  and  dependoit  on  the  temperature  and  the  concentration  of 

ions,  providing  evidence  that  luminescence  quenching  is  due  to  b(^  intra-ionic 
nonradiative  (tecay  processes  and  energy  transfer.  No  spectroscopic  evidence  for 
octahedrally  coordinated  Co^'*'  has  been  obs^ed.  This  work  will  be  rq»rted  at  the 
International  Conference  on  Luminescence  (Storrs,  Ct.,  USA)  1993. 

3.4  UGaOjtCo*^ 

LiGa02  can  crystallise  in  two  stable  phases.  In  the  a-phase,  the  Co^'*'  ions, 
substituting  for  Ga^'*'  ions,  are  octahedrally  coordinated ;  in  the  |3-phase,  the  Co  coordination 
is  tetrahedral.  High  quality  samples  of  this  material  were  obtained  from  the  University  of 
Georgia.  It  is  not  possible  to  distinguish  the  crystal  phase  on  the  basis  of  the  optical 
absorption  spectrum,  shown  in  Fig.  3.8,  although  it  is  very  similar  to  that  observed  in 
Liga50|,  in  which  the  Co^'*'  site  is  tetrahedral.  However,  the  luminescence  does  not  fit  in 
with  this  assignment.  It  is  possible  that  some  cobalt  enters  as  Co’'*'  or  that  some  small 
regions  of  a-phase  are  present,  which  would  allow  octahedrally-coordinated  Cor'*'.  Very 
weak  emission  is  observed  at  low  temperature  (Fig.  3.8)  but  we  hope  to  explore  beyond  1.8 
nm  in  this  material  also.  With  the  new  detection  facilities,  we  plan  to  re-examine  other 
Co^'^'-doped  materials  which  we  studied  in  our  preliminary  survey  in  year  1. 
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3.5  Luminescence  spectra  of  La3Ga5SiOi4:Co^'^ 

These  samples,  yellow  in  colour,  were  obtained  from  A.  Kaminskii  (Academy  of 
Sciences,  Moscow).  Laser  action  has  been  obtained  in  a  broad  band  around  1  /xm  in  the 
Cr^"*"  version  of  this  material.  The  low-temperature  luminescence  spectrum  of  the  Co?'*’- 
doped  system  is  shown  in  Fig.  3.7.  It  consists  of  at  least  two  bands  which  resemble  the 
higher  energy  bands  in  LiGasO]  and  MgAl204  (Figs.  3.1,  3.7).  The  lifetime  of  this 
luminescence  is  ~  2. 1  /ts,  which  suggests  that  the  Co^'*'  occupies  a  tetrahedral  site  . 


3.6.  Conclusion. 

Although  the  MgF2:Co^'''  laser  is  the  only  commercial  laser  system  based  on  Co  or 
Ni  ions,  attempts  to  repeat  this  success  in  other  media  have  not  been  successful.  As  in  the 
case  of  Ni^.  doping,  excited  state  absorption  processes  and  nonradiative  relaxation 
mechanisms  are  the  main  obstacles  to  laser  action  at  room  temperature.  Opoadon  at  longor 
wavelengths,  however,  may  be  possible  if  efficient  luminescence  from  the  excited  state 
occurs  (as  in  MgNb20^  or  if  luminescence  from  the  ^i(*P)  state  can  be  obtained  without 
thermal  quenching  (as  in  LiGa50g).  The  importance  of  ESA  in  these  materials  at  room 
temperature  has  yet  to  be  carefully  evaluated. 


CHAPTER  4 


Ni-DOPED  MEDIA 


4.1  Introduction 

The  spectroscopy  of  the  Ni  ion  incorporated  as  an  impurity  in  various  host  materials  has  been 
well  studied. Investigations  of  Ni^'*'  in  MgO,  MgF2,  KMgF3,^‘  and  in  fluoro- 
zirconate  glass^^  show  that  luminescence  in  the  visible  (green  and  red)  and  infrared  is 
observed  from  the  Ni^'*'  ions  in  these  materials.  Referring  to  the  schematic  energy-level 
diagram  shown  in  Fig.  4.1,  which  is  typical  of  the  Ni^'*'  ion  in  oxide  and  fluoride  crystals, 
the  strongest  absorption  transitions  in  the  Ni  ion  are  ^A2  -*  ^i(^P)  (blue),  ^A2  ^i(^F) 

(red)  and  ^A2  inAared.  The  visible  emission  originates  in  transitions  from 

'T2  to  two  lower  levels  (^2*  ^^2)  ^  infrared  emission  is  from  the  lowest  exdted  stale 
(^2)  ground  state  ^A2.  In  all  these  materials  the  fluorescence  lifdime  and  quantum 
efficiency  M  off  rapidly  with  increasing  tempoature  due  an  increase  in  the  non-iadiadve 
multi-phonon  relaxation  rate,  which  competes  with  the  radiative  decay  process. 

In  more  recent  work  cm  various  chloride  hosts^,  additional  transitions  from  'T2  to  the  lower 
levels  'E  and  have  been  reported.  It  is  possible  that  these  transitions  also  take  place  in 
many  oxides  but  have  not  been  rqxirted  because,  in  the  oxides,  they  can  occur  in  about  the 
same  wavelength  r^ons  as  the  main  transitions  mentioned  above.  The  relative  weakness 
of  the  ‘E,  ^  'T2,  transition  compared  to  the  ^2g  **  ’^2,  and  ♦-  ‘Tj,  transitims  is  quite 
puzzling,  since  it  seems  to  defy  the  ^nn  selection  rule.  In  absorption,  the  three  ”q»n- 
forbidden”  transitions,  ^A2,,  ^2g<  ^2$*  ^  afqnoximately  equal  dipole  strengdis,  while 
the  "spin-allowed"  'E,  -  ‘T2,  transition  is  considerably  weaker.  The  same  basic  analysis 
applies  for  the  Ni^'*'  iCsMgCls  emission  ^)ectrum  (alUuHigh  hoe  the  'Eg  «-  ‘T2g  transition 
is  somewhat  stronger  than  in  Np'*'  :CsCdQ3),  and,  in  the  emission  spectra  of  Ni^'^:CdCl2 
and  Np''‘:MgQ2,  and  ‘Eg  ‘T2,  emission  cannot  be  distinguished  at  all.^  Aldtough  it  is 
almost  certain  that  both  the  ‘T2g  and  the  ‘Eg  states  have  considerable  mixed  qnn  charact» 
(bod)  are  close  to  triple  states)  it  is  difficult  to  radtmalize  the  apparent  reversal  of  ^in 
selection  rules  solely  on  this  basis.  AbsoiiHion  transitions  in  this  system,  for  example, 
adhoe  quite  well  to  the  spin  selection  rule,  with  q)in-forbidden  transitions  bdng 
approximatdy  an  order  of  magnitude  weakn  than  those  whidi  are  spin-allowed.  In  this 
chapter,  we  present  results  on  two  Ni-doped  oxides  in  which  the  crystal  fidd  is  closer  to  that 
which  occurs  in  fluorides  and  chlorides  and  in  which  additional  transitions  from  ‘T2  are  also 
observed. 


32 


2+  • 

Fig. 4.1.  Energy-level  diagrams  for  Ni  in  (a)  LiGa50g, 

(b)  MgO,  and  (c)  MgF2.  Tbe  lianinescence  transitions 
are  shown  by  vertical  lines. 
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In  contrast  to  this  trend,  there  is  only  one  luminescence  transition  in  NP^-doped  LiGa50,, 
a  spinel-type  crystal  in  which  Ni^'*'  replaces  Ga^'*’  on  octahedral  sites/^  This  is  the  ^2 
^A2  transition  indicated  in  Fig.  4.1,  which  consists  of  a  broad  band  centered  at  1.3  fim. 
Furthermore,  the  lifetime  of  the  Nr"^  luminescence  remains  effectively  ctmstant  from  15  K 
to  above  room  temperature,  with  a  decay  time  of  650  fis.  As  the  temperature  is  raised  above 
about  350  K,  we  observe  a  decrease  in  the  intensity  and  a  corresponding  decrease  in  lifetime. 
The  theoretical  formula  for  the  non-radiative  decay  rate,  based  on  the  single  configurational 
coordinate  model,  provides  a  quantitatively  correct  explanation  for  tiw  temperature  variation 
of  the  lifetime^^  and  is  strong  evidence  for  a  high  luminescence  quantum  efficiency.  This 
material  is  interesting  in  that  (i)  all  the  emussion  occurs  in  the  near  infrared,  and  (ii)  the 
emission  has  a  high  quantum  efficiency  at  room  temperature.  Our  samples  were  flux-grown, 
showed  non-uniform  green  coloration,  and  wete  of  poor  optical  quality.  Witii  good  quality 
samples,  we  felt  that  tunable  laser  operation  in  the  region  of  1.3  urn  should  be  possible. 
Using  the  laser-heated-pedestal  growth  technique,  better  quality  samples  of  this  material  have 
been  grown  and  unsuccessful  attempts  were  made  to  obtain  laser  action  in  this  system,  using 
a  diode  laser  operating  at  904  nm.  We  subsequently  requested  better  quality  flux-grown 
samples  of  this  material,  but  it  is  quite  difficult  to  grow.  However,  the  material  LLAlsOg 
doped  with  Ni^'*'  is  much  easier  to  grow.  Samples  of  this  material  have  been  obtained 
recently  and  preliminary  measurements  show  diat  it  also  has  only  one  luminescence  band. 
Similar  behaviour  was  found  in  ZnAl204:Ni^'''.  These  results  will  be  presented  in  later 
sections  of  this  chapter. 

4.  2  The  Optical  Spectroscopy  of 

The  crystals  of  MgNb20(:Ni  obtained  for  the  present  study  were  growth  by  the  flame 
fusion  (Vemeuil)  method.  They  were  straw  coloured  and  of  poor  optical  quality.  The 
particular  sample  used  for  most  measurements  had  one  polished  front  surfoce  and  was  not 
oriented.  An  additional  face,  through  which  the  excitation  beam  entered,  was  cut  and 
polished  perpendicular  to  the  existing  polished  surface.  The  sample  measured  approximatdy 
1.5mm  X  1.5mm  x  0.5mm.  The  crystal  structure  has  been  described  in  chaptm*  3. 

The  infia  red  luminescence  spectrum  for  MgNbjOjiNi  at  22K  is  shown  in  Fig.4.2.  This 
spectrum  is  corrected  for  the  response  of  the  Ge  detector  and  spectrometer.  It  conasts  of 
three  main  bands  at  900  nm,  1.2  /tm  and  1.7  ^m.  Fig.4.3  shows  all  three  bands  in  more 
detail.  The  900  nm  band  in  this  figure  was  taken  using  an  S-1  photomultiplier.  It  consists 
of  a  zero-phonon  line  at  7704  A  (12981  cm~')  with  a  sidd)and  extending  to  1.1  /im.  The 
higher  energy  side  of  the  sideband  shows  some  structure.  The  1 .2^m  band  conasts  of  a  no¬ 
phonon  line  at  11688  A  (8556  cm'*)  with  a  well  structured  sideband  extending  to  1.27/sm. 
The  1.7fim  emission  is  the  moa  intense  of  the  infra  red  bands.  The  zero-phonon  line  is  at 


WV8BSTH  (licrons) 


Fig.  4.2.  The  infrared  luminescence  bands  of  MgNbjO^.’hTi^'^.  The  energy 
level  diagram  shown  in  the  inset  was  derived  from  the  absorption  and 
luminescence  data. 


16617A  (6018  cm  ')  and  the  sideband  extending  beyond  the  long  wavelength  limit  of  the 
detector  response  (~  1.78  /xm)  shows  considerable  structure.  Note  that  because  the  response 
of  the  spectrometer  and  Ge  detector  is  falling  off  rapidly  beyond  1.75/im,  the  exact  shape 
of  the  high  wavelength  side  of  this  band  is  uncertain. 

Figure  4.4  shows  the  temperature  dq)endence  of  the  infra-red  emission  up  to  room 
temperature,  taken  using  the  Ge  detector.  These  q)ectra  are  also  corrected  for  the  reqxxise 
of  the  Ge  detector  and  the  0.5m  SPEX  spectrom^er.  Note  the  appearance  of  an  extra  line 
on  the  low  energy  side  of  the  1.2  /xm  band  at  54  K.  This  extra  line  is  most  pronounced 
betwe«i  105  K  and  153  K  and  is  presum^ly  due  to  the  population  of  a  higher  excited  state 
in  the  upper  level  of  this  transition.  As  the  temperature  is  increased  from  21  K  to  room 
temperature,  all  the  bands  broaden  considerably.  At  room  temperature  the  9(X)  nm  and  1.2 
/xm  emissions  form  one  continuous  band.  Also  at  room  temperature  the  higher  enogy  side 
of  the  1.7  /xm  emission  extends  to  1.45  /xm.  The  intensity  in  the  lowest  energy  band 
decreases  by  a  factor  of  ~  10  between  26  K  and  room  temperature. 

The  visible  luminescence  at  26  K  and  room  temperature  is  shown  in  Fig.  4.5.  The 
low  temperature  spectrum  consists  of  a  no-phonon  line  at  5272  A  (18968  cm  ')  and  a  voy 
strong  sideband  extending  to  6000  A,  displaying  structure  on  the  high  energy  side.  At  room 
temperature  the  overall  visible  emission  becomes  much  broader  and  the  ^>pearance  of  an 
anti-Stokes  band  on  the  high  «iergy  side  is  evident. 

4.2.1  Absorption  Measurements  on  M^^NbjO^rNi. 

The  absorption  spectrum  taken  using  a  cold  fingo’  cryostat  (85K)  is  shown  in  Fig. 
4.6.  In  MgO^',  Ni  substitutes  for  Mg^'*’  ions  in  sites  having  octrahedral  symmetry  only. 
The  similarity  betweoi  the  absorption  spectra  of  MgOrNi^'*'  and  MgNb20(:Ni  provides 
further  evidence  that  Ni  in  MgNb20(  is  present  in  octrahedral  sites  as  Ni^'*'.  By  comparison 
then,  the  strong  energy  peak  at  460  nm  can  be  attributed  to  the  ^A2(^F>-^,(^P)  transition 
of  Ni^'''  in  a  octrahedral  site,  while  the  band  peaking  at  840  nm  is  attributed  to  the 
^A2(^F)-^i(^F)  transition.  The  weak  shoulder  band  located  around  510  nm  is  characteristic 
of  the  spin  forbidden  ^A2(^F)-*'T2('D)  transition.  While  a  similar  feature  does  not  occur  in 
the  Mgo:Ni^'''  absorption,  we  believe  that  the  sharp  peak  at  720  nm  is  due  to  the 
^A2(^F>-*'E('D)  transition.  We  attribute  the  green  emission,  the  900  nm  emission  and  the 
1.2  /xm  emission  to  the  'T2-^A2,  ‘T2-^2  transitions  respectively.  The  resulting 

energy  level  scheme  showing  both  absorption  and  luminescence  transitions  is  shown  in  the 
inset  in  Fig.  4.2.  The  energy  of  the  1.7  /xm  band  is  consistent  widi  its  assignment  to  either 
a  'T2-*'E  or  ^2"*^A2  transition. 

The  parameters  I>q,B  and  C  can  be  found  by  solving  the  secular  equations  obtained 
from  the  Sugano-Tanabe  matrices  for  the  different  levels  and  fitting  the  resulting  exiwessions 
(involving  Dq,  B,  C:)  to  the  measured  transition  energies  in  abswption.  Best  net  agreement 
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seems  to  occur  for  Dq  =  721  cm'‘,  B  =  823  cm"'  and  C  =  3704  cm  '.  Therefore,  C/B  = 
4.50  and  Dq/B=0.88.  The  Sugano-Tanabe  diagram  for  the  case  of  Nr‘''(d*)  with  C/B  = 
4.50  is  shown  in  Fig.  4.7.  The  vertical  line  at  Dq/B=0.88  indicates  values  for  the  energy 
levels  calculated  for  MgNb206:Nr'^. 

4.2.2  Lifetime  Studies. 

Attempts  were  made  to  measure  the  luminescence  decay  times  for  the  gieoi,  900  nm,  and 

1.2  /xm  emissions  at  low  temperatures,  initially  using  the  EG&G  multichannel  scaler  which 
had  a  minimum  bin  width  of  2  fis.  It  was  not  possible  to  measure  the  decay  time  of  1.7  ^m 
band  as  it  occurred  outside  the  wavelength  regime  of  the  S-1  or  S-20  photomultiplio’  tubes. 
The  large  instrument  time  constant  (~  1.2  ms)  of  the  Ge  detector  made  it  unsuitable  for 
measuring  lifetimes.  Initial  lifetime  measurement  efforts  indicated  that  the  low  temperature 
lifetimes  of  all  three  measurable  bands  were  <  6  /is.  Using  an  acousto-opdc  modulatcx’  to 
chop  the  exciting  beam,  the  lifetime  of  the  green  emission  was  found  to  be  <  60  ns  at  18K. 
As  we  were  approaching  the  limit  of  our  apparatus,  only  an  proximate  value  could  be 
determined.  The  measured  value  is  v^  ^ort  compared  to  the  estimated  lifetimes  of  the 
green  emissions  in  MgO:Ni^''',  KZnF3  and  MgF^  of  48  /is,  580  /is  and  400  /is,  respectively. 
Although  the  Ni^'*’  site  lacks  inversion  symmetry  so  that  transitions  are  parity  allowed,  the 
transitions  are  spin  forbidden,  which  makes  the  estimated  low  temperature  lifetime  fw  the 
green  emission  even  more  puzzling.  The  room  temperature  lifetime  was  too  short  to  be 
measured.  The  fact  that  the  three  emissions  have  lifetimes  <  <  6  /is,  and  seem  to  have  the 
same  lifetime,  is  consistent  with  our  energy  level  assignments  that  all  three  transitions 
origiiute  from  the  'T2  level. 

4.2.3.  Phase  Sensitive  Detection  and  Selective  Excitation  using  a  Ti-Sapphire  Laser. 

Phase  sensitive  detection  techniques  can  be  used  to  separate  out  overlapping  luminescence 
components  which  have  different  decay  times.  It  was  found  that  by  chopping  the  Ar'*'  laser 
excitation  beam  at  IkHz  and  by  nulling  out  the  900  nm  and  1.2  /im  emissions,  the  1.7  /im 
band  still  remained  but  was  reduced  in  intensity  (see  Fig.  4.8).  This  suggests  that  the  1.7/im 
band  has  a  different  lifetime  time,  and  because  the  chopping  frequency  was  1  kHz,  has  a 
lifetime  of  the  order  of  1  ms.  This  also  suggests  that  the  assignment  of  the  1 .7  /im  emisaon 
to  the  transition  is  correct. 

It  was  found  also  that,  by  exciting  the  sample  at  800  nm  (12500  cm~')  (ie.  below  the  'T2 
level)  u^g  a  Ti-Sapphire  laser,  the  1.7  /im  band  was  almost  identical  to  that  obtained  using 
argon  laser  excitation.  The  ratio  of  the  two  largest  peaks  (Ia/Ib)i  >>  reduced  for  Ti-sapphire 
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Fig  .4.6.  Low  temperature  aibsorption  spectrum  of  MgNb20g :  lit 
Note  change  of  wavelength  scale  at  arrow. 
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laser  excitation.  Again  this  supports  the  assignment  of  the  1.7  ftm  band  to  the 
transition  rather  than  the  transition.  Using  Ti-Sapphire  excitation,  the  ratio  of  the 

largest  peak  intensity  to  the  second  largest  peak  intensity  of  the  1.7  /im  emission  was  less 
than  for  the  case  of  Ar'*'  excitation.  A  possible  explanation  for  this  is  that  when  excited  into 
the  'T2  level  using  Ar'*'  excitatitm  an  additional  luminescence  component  occurs  in  the  1.7/tm 
band  with  a  strong  zero  phonon  line  occurring  at  the  same  position  as  the  zero-phonon  line 
of  the  emission  and  a  very  weak  sideband,  and  this  additional  luminescence 

component  could  be  due  to  the  'T2-»‘E  transition. 

As  in  the  case  of  the  Co^'*'  dqted  material,  values  for  the  Huang-Rhys  parameters  S  and 
cmfigurational  coordinate  offsets  AQ  can  be  evaluated  from  the  shapes  of  the  various  bands 
in  absorption  and  luminescence.  The  resulting  single  configurational  co-ordinate  diagram  is 
shown  in  Fig.  4.9. 

4.3  Luminescence  of  NF'*’  centers  in  forsterite  (N^2S^4)* 

Stimulated  by  the  discovery  of  tunable  infra-red  laser  emission  fmm  Cr-di^)ed  forsterite  and 
subsequent  extensive  studies  of  this  material^*,  we  have  studied  other  3d-ion  centers  in 
forstmte,  such  as  Fe  and  Ni^,  which  also  emit  IR  luminescence.  Here  we  present  emission 
and  excitation  spectra  and  lifetime  measurements  of  I^-doped  (2%  Ni)  Mg2Si04  at  various 
temperatures  down  to  IS  K. 

In  common  with  centers  in  some  other  oxide  host  crystals,  we  observe  at  least  three 
sqnrate  emission  bands;  two  of  these  (Fig.  4.10)  are  in  the  infra-red  and  what  appears  to 
be  a  composite  band  is  observed  in  the  visible  (gre«i).  Below  about  ISO  K,  the  dominant 
emission  is  a  band  peaking  at  about  l.S  fim  (6,700  cm'')  with  (at  IS  K)  a  strong  zero-phonon 
line  at  1.37  /tm  (7280  cm*')  and  a  lifetime  of  1.2  ms.  The  phonon  sidd)and  shows  some 
structure  and  the  Huang-Rhys  factor  is  in  the  range  l.S  -  2.0.  Excitation  spectra  of  this  band 
(Fig.  4.11(a)),  assigned  to  the  ^2  ^^2  transition  of  Ni^'*',  show  consittoable  splitting  of 

the  ^2  level  due  to  distortions  from  octahedral  symmetry  and  indict  that  the  emisaon  is 
from  the  lowest  split  component  This  emitting  level  is  further  split  into  three  components 
by  qnn-orbit  interaction  as  shown  by  three  zoo-phonon  features.  Due  to  Bolztmann  factors, 
the  two  q>in-orbit  components  at  higher  energy  are  only  seen  at  low  intensity  in  emission  at 
temperature  around  1(X)  K.  The  emission  is  dtermally  quenched  at  about  150  K,  as  shown 
in  Fig.  4. 11(b),  which  is  a  plot  of  the  <tecay  time  of  the  emission  against  temperature.  On 
the  same  plot  is  shown  the  variation  of  the  emission  intensity  over  the  same  temperature 
range,  which  confirms  the  lifetime  data.  The  other  infra-red  band  at  around  1000  nm, 
assigned  to  the  transition  'T2  -•  ^2*  featureless  (even  at  tow  tempenture),  is 
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not  temperature  quenched  to  the  same  extent  as  the  1.4  /im  band,  and  is  in  fact  the  dominant 
band  at  room  temperature.  We  are  continuing  our  studies  of  this  material.  We  have 
requested  samples  of  Co-doped  forsterite  for  our  survey  but  have  not  yet  received  delivery 
of  same.  The  visible  emission,  though  comparatively  weak,  consists  of  two  broad 
comptMients  at  low  temperatures  which  may  indicate  that  two  emitting  states  are  involved. 
Although  there  are  two  possible  metal  cation  sites  which  the  N^'*'  ions  can  occupy  (both  of 
which  are  distorted  octahedral  sites),  the  data  suggests  that  the  ions  populate  only  one 
of  these  sites  and  this  is  most  probably  the  smaller  (Ml)  site,  in  agreement  widi  electron  ^rin 
resonance  studies.^ 

4.4  Optical  spectroscopy  of 

The  spectroscopic  behaviour  of  this  material  is  voy  siinilar  to  that  obsoved  for 
MgNb20«  excqtt  for  slight  shifts  in  the  pt^tions  of  the  various  absexption  and  luminescence 
bands.  The  lif^me  of  the  ‘T2  state  is  again  very  short  (—  100  ns),  and  die  temperature 
dqiendence  of  all  the  bands  take  the  suiw  form  as  in  the  MgNb206  samples.  Some 
rq»esentadve  plectra  are  shown  in  Fig.  4.12. 

These  materials  are  very  interesting  as  diey  are  the  only  oxides  in  which  die  crystal 
field  at  the  Np'*'  site  is  suffidendy  small  diat  the  various  transitions  are  clearly  resolved. 
In  this  respect,  their  qiectra  are  similar  to  those  rqmrted  ftv  several  N^'^'-dt^ied  dilorides 
rqiorted  recendy,  except  diat  the  ‘Tj  UMme  is  mysteriously  very  short  The  short  lifetime 
does  explain,  however,  why  the  green  emisatm  band  is  still  unquenched  at  room  tnnperature 
as  the  radiative  rate  is  clearly  comparable  to,  or  faster  than,  the  nonradiative  rate  in  diese 
materials  at  room  temperature.  Unfortunately,  the  lowest-energy  IR  band,  the  main 
candidate  for  laser  action,  is  strongly  temperature-quenched  in  diese  materials. 

4.5  Luminesceiice  of  ZiiA1304:NF'^  and  LiAljOytNi*''' 

Our  results  on  these  matmlals  will  be  presented  together  because  of  their  similar 
bdiaviour.  Both  samples  crystallize  in  the  qrinel  structure  and  the  NP'*'  ion  occupies  an 
approximately  octahedral  site  in  each  case.  The  actual  site  symmetry  is  trigonal  in  die  zinc 
aluminate;  in  the  lithium  qiind  the  Ni^'*'  die  deviation  from  octahedral  symmetry  is  more 
severe  due  to  rhombic  component  in  the  local  fidd.  The  ZnAl204  crystals  were  flux  grown, 
pale  green  in  colour,  and  of  good  optical  quality.  The  LiAlsOi  crystals  were  grown  by  the 
laser  heated  pedestal  technique  at  the  University  of  Georgia  (Athens,GA).  Absmption  and 
luminescence  plectra  for  these  materials  are  shown  in  Figs.  4.13.  These  materials  have 
similar  optical  prcqierties  to  LiGa^Oi,  in  that  die  luminescence  consists  of  only  one  band  ^2 
**  ’A2)  and  die  lifotime  of  this  emission  changes  very  little  from  20  K  (340  fts  for  LiAlsOg) 
to  300  K  (270  /ts  for  LiAlsOi).  This  suggests  dot  die  quantum  effidency  of  this  systems  is 
quite  high,  although  we  ate  not  able  to  estimate  this  quantity  diiectly.  In  contrast  to 
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I^.  4. 12  Emission  spectra  ZnNb20«:Ni  recontod  at  15  K  using  (a)  S-20 
photomultiplier,  and  (b)  Ge  detector,  (c)  Absorption  qwctrum  at  room 
temperature. 
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Rg.  4. 13.  The  ^2  *»  emission  recorded  «t  low  tempenture 

and  at  room  temperature  for  (a)  LiAljO|:Ni*'^  and  (b)  2nAl204:Ni*'*’ 
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LiGasOs,  both  materials  show  a  sharp  zero-phonon  line  and  significant  structure  in  the  broad 
accompanying  sideband.  (In  both  materials,  there  are  some  additional  sharp  features  which 
can  be  definitely  assigned  to  luminescence  from  trace  amounts  of  Cr^'^  impurities).  The 
crucial  question,  the  answer  to  which  will  decide  the  usefulness  of  these  materials  as  laser 
media,  is  whether  excited  state  absorption  is  a  limiting  hactor.  Although  we  are  not  equipped 
to  answer  this  question,  we  are  attempting  (in  collaboration  colleagues  in  die  University  of 
Georgia  and  in  the  Bell  labs)  to  obtain  samples  of  such  quality  that  such  measurements  can 
be  made.  Our  initial  interest  was  in  LiGa50|,  but  it  is  difficult  to  grow  good  quality  samples 
of  this  material  because  of  the  volatility  of  the  gallium  oxide.  The  aluminaie  was  much 
easier  to  grow  and  the  sample  whose  plectra  are  presented  here  was  a  product  of  our 
program  to  obtain  better  samples.  There  is  a  general  trend,  howeva,  that  ESA  is  less  likdy 
to  be  a  problem  the  greater  the  crystal  filed  at  the  site.  If  this  is  so,  then  liA^Oi 
shows  definite  promise  as  a  potential  tunable  laser  medium  in  the  future.  We  inopose  to 
carry  out  a  more  detailed  analysis  of  this  material  to  assess  the  likelihood  of  ESA  before 
embarking  on  a  major  growth  pn^ram. 

4.6.  Conclusion 

The  data  presented  in  dus  chapt»  emphasises  that  our  understanding  of  die 
spectroscopy  of  the  Ni^*^  ion  in  solid  hosts  is  sdll  incomplete.  There  are  wide  variations  in 
the  characteristics  (lifetime,  relaxation  mechanisms,  etc.)  of  the  luminescence,  even  among 
materials  with  very  similar  structures.  It  is  clearly  worthwhile  to  study  these  materials  in 
greater  dqith  in  order  to  deqxm  our  understanding  of  the  interaction  of  transition  m^  ions 
with  crystalline  host  materials.  While  some  of  die  matmials  described  in  diis  chapter  show 
promise  as  tunable  solid-state  media,  excited  state  absorption  measurements  must  be  carried 
out  to  characterise  these  materials  more  completely. 
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CHAPTERS 


Cr-DOPED  MEDIA. 


5.1  Introduction. 

The  development  of  the  alexandrite  laser  system^,  based  on  the  spin  allowed  ~ 
^A2  transition  on  the  Ci^*  ion  in  BeAi04,  has  led  to  a  search  for  analogous  Cr-doped 
crystalline  materials  in  which  the  and  ^2  levels  are  sufficiently  close  to  allow  significant 
pt^ulaticm  of  the  latto-  at  room  temperature.  These  studies  have  led  to  other  laser  materials 
such  as  GSGGiCt^'''  and  ZnW04:Cr^''',  which  are  pumped  (using  other  flashlamps  or  other 
lasos)  in  the  strong  absorption  bands  of  die  ion.  In  this  chapt»,  we  present  optical 
measurements  of  the  crystalline  material  BiGa03:Ci^'''  and  LaSr2Gaji02o:Cr^'''  which  show 
many  of  the  ptq;)erties  required  for  a  laser  medium.  In  the  former,  the  existence  of  energy 
transfer  fiom  the  ions  to  the  Cr^'*'  ions  allows  the  possibility  of  more  efficient  excitation 

by  broadband  sources.  A  large  amount  of  research  has  also  being  devoted  recently  to  die 
study  of  Cr*'*'  systems,  since  the  assignment  of  the  laser  transition  of  Cr-doped  forsterite  to 
the  lowest  energy  transition  (^2  ^^3)  ^  ion  in  a  tetrahedral  site.  In  this  chapter, 

we  describe  also  the  results  of  our  measurements  on  several  matoials  in  which  Cr  (as  Cf*'*') 
is  substituted  on  tetrahedral  sites. 

5.2  Optical  Spectroscopy  of  BiGa03 

The  samples  of  BiGa03  used  in  diis  study  were  flux-grown  in  the  Bell  Labs.  The 
undoped  samples  were  pale  yellow  ;  the  Cr-doped  samples  were  a  light  green  colour.  When 
examined  in  a  polarising  microscope,  the  samples  were  found  to  be  uniaxial  and  to  have  a 
multidomain  structure.  Many  oxide  matoials  with  the  general  formula  ABOjj  ath^  the 
perovskite  structure  (Fig.  5. 1),  or  some  distortion  of  this  structure.  For  example,  BiFeO^  has 
been  iqwrted  to  have  a  structure  derived  fiom  perovskite  by  a  rhombohedral  distortion.^ 
Because  of  the  similarity  in  the  ionic  radii  ofFt^*  and  Ga^'*'  we  expect  the  structure  of  diis 
material  to  be  a  good  guide  to  the  likdy  structure  of  BiGaOj. 

Raman  scattering  experiments  were  carried  out  on  BiGaOj  in  an  attempt  to  determine 
the  q»ce  group  for  this  structure.  At  80  K,  23  Raman  modes  were  observed  ;  at  room 
temperature  only  16  definite  modes  were  identified.  Due  to  the  multidomain  nature  of  the 
samjries,  it  was  not  possible  to  determine  tte  symmetry  of  the  observed  Raman  inodes. 
From  the  Raman  data,  BiGa03  cannot  have  a  structure  like  that  of  the  low  temperature  form 
of  SrTiO]  (D‘'4,^  since  this  would  result  in  5  Raman  inodes.  The  structure  of  PrAlO^  (R3C) 
has  only  8  Raman  modes.  The  ^pace  group  (R3C)  for  ffiFeOi}  results  in  13  Raman-allowed 
modes.  As  these  13  Raman  modes  are  also  IR  active,  each  mode  wUI  be  split  into  a  doubly- 
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Fig.  5.1(a).  Cubic  ABO^  perovskite  structure 
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Fig.  5.1(a).  Distorted  perovskite  structure  of  BiFe03. 


degenerate  transverse  optic  (TO)  mode  and  a  non-degenerate  longitudinal  optic  (LO)  mode, 
i.e.  26  Raman-allowed  modes  altogether.  The  observation  of  23  Raman  modes  in  BiGa03 
is  consistent  with  a  space  group  assignmoit  of  R3C  for  this  structure. 

In  the  rhombohedrally-distorted  perovskite  structure  of  BiFeOj,  the  Fe^"^  ions  are 
displaced  from  the  centre  of  the  FeO^  octahedra  and  the  oxygen  octahedra  are  rotated  about 
their  three-fold  axes  (Fig.  5. 1  (b)).  This  material  is  bodi  piezoelectric  and  fenodectric.  Its 
^»ce  group  is  the  same  as  that  of  LiNb(>3,  whose  useful  nonlinear  prcqierties  have  led  to  its 
optical  properties  being  studied  in  some  detail.^  Above  a  certain  temperature  the  B  ions  (in 
this  case  Nb)  return  to  the  centre  of  the  oxygen  octahedral  which,  however,  are  sdll  rotated 
slightly  about  their  threefold  axes.  Thus  above  1490  K  the  LiNb03  crystal  is  again  centro- 
symmdric. 

5^.1  Luminescence 

The  luminescence  from  impurities  in  Bi(ja03  was  observed  over  the  temperature 
range  10  -  550  K  and  spectra  recorded  at  10  K,  80  K  and  room  temperature  are  presorted 
here  in  Fig.  5.2.  At  10  K  the  luminescence  consists  of  a  single  sharp  line  at  14124  cm'*  and 
a  weak  relatively  featureless  siddrand  extoiding  to  -  13500  cm'*.  The  intensity  of  diis 
sharp  line  relative  to  that  at  the  peak  of  die  siddiand  is  ~  8.5.  This  line  at  14124  cm  *  has 
a  half  width  of  ~  12  cm'*  at  10  K  and  there  is  a  marked  asymmetry  in  the  shape  on  the  low 
energy  side.  At  80  K  this  sharp  line  has  shifted  to  14119  cm'*,  its  half-width  is  ~  15  cm'* 
and  the  asymmetry  in  the  line  shape  is  still  in  evidence.  A  second  sharp  line  has  b^un  to 
appear  at  14286  cm'*  and  the  siddiand  structure  shows  very  little  difference  from  that 
obsoved  at  10  K.  The  r^rectrum  changes  considoably  between  80  K  and  room  temperature, 
the  feature  B  at  14286  cm'*  growing  in  intensity  relative  to  the  line  A  at  141 19  cm'*.  Both 
lines  broaden  considoably  and  shift  to  lower  enogy  with  increasing  temperature.  In  the 
room  temperature  spectrum  the  two  lines,  A  and  B,  and  the  sideband  are  all  sitting  on  a 
broad  band  extending  from  -  14800  cm  *  to  -  11800  cm'*  with  a  peak  at  - 13400  cm'*. 
From  the  temperature  dqrendenoe  of  the  intensity  ratio  VIa»  it  was  clear  that  A  and  B  are 
the  R-lines,  corresponding  to  the  -»  ^A2  transition.  The  large  R-line  flitting  indicates  that 
the  luminescence  originates  on  Cr^'*'  ions  in  sites  with  a  large  low-symmetry  crystal  field. 

When  compared  with  other  systems  containing  Cr^'*'  ions  in  distorted  octahedral  ates, 
the  half-width  of  the  R|  line  at  low  temperatures  is  very  large,  (cf.  the  half  width  of  the  R, 
line  in  Al^  :  Cr^'*’  at  low  temperatures  -  0.5  cm'*  with  »  12  cm'*  in  BiGaOs  :  Cr^'*’.) 
The  large  half-width  may  be  related  to  the  asymmetry  in  the  R|  line-sluqte.  It  was  noted  also 
that  the  position  of  the  R-line  shifted  by  ~  55  cm'*  between  10  -  300  K.  Sudi  line  shifts 
in  the  luminescence  from  impurity  ions  in  cryaals  can  usually  be  explained  by  taking  into 
account  the  cou|ding  of  the  ions  to  the  lattice  vibrations. 
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Fig.  5.2.  Luminescence  spectrum  of  B16AO3 
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Above  room  temperature,  the  broad  band  grows  in  intensity  relative  to  the  R-lines  (Fig.  5.3) 
until,  at  SSO  K,  these  lines  have  almost  disappeared.  The  appearance  of  such  broad 
luminescence  bands  with  increasing  temperature  in  many  of  d^  systems  is  attributed  to  ^2 
-*  ^A2  luminescence.  Only  a  very  small  population  is  necessary  in  the  ^2  ^2 

-*  *Ai2  transition  to  be  observed  in  luminescence.  The  ratio  of  the  populations  of  the  ^2 
states  in  such  a  system  is  3  exp(-A/kT)  where  A  is  the  energy  difference  between  the  zero 
vibrational  levels.  Thus,  the  observed  luminescence  from  BiGa03:Cr^'^  is  due  to  the  small 
value  of  A  since  the  broadband  emission  dominates  the  qwctrum  at  temperatures  <  SOO  K. 

The  radiative  lifetime  on  the  Rt  line  at  10  K  was  measured  to  be  ~  200  /is.  (Similar 
short  lifetimes  are  observed  in  GSGG,  due  to  mixing  of  the  and  ^2  levels^^).  At  room 
temperature  the  lif(^me  was  too  short  to  be  measured  by  the  multichannd  analyser.  The 
decay  rate  observed  at  low  temperatures  indicates  an  electric  dipole  process.  If  the  ^E  -•  ^A2 
transition  is  occurring  via  an  electric  dipole  process  then  the  environment  of  the  chromium 
ion  in  the  crystal  must  lack  inversion  symmetry.  This  conclusion  is  in  agreement  with  die 
suggested  space  group  R3C  for  the  structure  ^ce  the  gallium  ions  would  be  shifted  off 
centre  with  respect  to  the  surrounding  oxygen  octahedral  in  this  space  group.  The  very  short 
lifetime  observed  at  room  temperature  can  be  explained  by  the  presence  of  the  spin-allowed 
^2  hroad  luminescence  band  at  this  temperature. 

The  excitation  plectrum  of  chromium  in  BiGaOs  was  recorded  at  77  K  and  was  used 
to  obtain  the  energies  of  the  absorption  bands  in  this  material.  Using  the  Sugano-Tanabe 
energy  matrices  for  a  d^  system,  values  were  estimated  for  the  parameters,  B,  C  and  Dq 
which  would  fit  the  theoretically  predicted  mergy  levels  to  the  excitation  spectrum.  The  best 
fit  was  obtained  for  Dq  =  1570  cm'*,  B  =  660  cm'*  and  C  =  31(X)  cm'*.  The  value  of  Dq 
obtained  for  BiGa03:Cr^'''  is  considerably  smaller  than  the  values  rqwrted  for  MgAl204  and 
AI2O3.  However,  it  is  larger  than  that  reported  for  LiNb03.  This  is  consistent  with  the 
suggested  interpretation  of  the  observed  luminescence;  in  UNbC^,  the  smaller  value  of  Dq 
results  in  the  ^2  t>cing  the  lowest  excited  state  and  the  observed  luminescence  consists  of  a 
broad  band.^ 

Since  the  zero-phonon  line  of  the  ^2  i^ot  observed  in  excitation,  no  accurate 

estimate  of  A,  the  energy  difference  between  the  ground  vibrational  levels  of  the  ^2  ^ 
states,  could  be  made.  However,  fiom  the  excitation  spectrum,  we  estimate  that  it  diould 
be  -  350  cm~*  at  77  K.  This  ^2  **  expected  to  shift  downward  with  increaang 

temperature.  In  ruby  the  shift  has  been  estimated  to  be  -  1.4  kT.  If  we  assume  that  the 
magnitude  of  the  shift  will  be  similar  in  this  case  then  the  variation  of  the  ^2  *  energy 
difference  as  a  function  of  temperature  may  be  expressed  as 

A(T)  »  A(0)  -  1.4  kT 

and,  on  this  basis,  we  would  expect  the  ^2  I®^®^  ^  ^  overlap  the  ^E  level  at  a 

temperature  of  ~  380K.  However,  the  ^E  level  is  also  nmving  to  lower  energy^  and  has 
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.  5.4.  Broadband  luminescence,  excited  by  an  argon  laser,  of  the 
BiGaO^  crystal. 


Lumine  s  cence 


77  K 

— I - 1 - 1 - 1 - 1 - 1 - 1 - 

840  920  1000  1080 

Wavelength  (nm) 


spectra  of  LaSr2Ga]_]^02Q 


;  Cr^"^  at  different  temperatures 


overlapping  R-Unes.  Phase  resolved  luminescence  spectra  have  been  used  to  resolve  partially 
the  emission  from  the  two  sites.  The  decrease  in  the  lifetime  with  incieajdng  temperature 
is  probably  due  to  changes  in  die  ^E,  ^2  mixing  rather  than  a  reduction  in  fluorescence 
efficiency. 

5.4  Mg2Si04:Cr 

Forsterite  (Mg2Si04),  like  alexandrite,  is  a  member  of  the  oliviiw  family,  widi  an 
orthorhombic  crystal  structure.  When  doped  with  Cr  ions,  it  can  su|qx»t  laser  action  over 
a  limited  qiectral  range  around  1.2  However,  dwre  was  some  controversy 

conconing  both  e  Cr  valence  state,  the  sites  occupied  by  the  Cr  ion  in  this  material,  and 
the  possibility  of  laser  pumping  by  transfer  from  Cr^'*'  to  Cr^'''  ions.  ¥or  this  reason,  we 
investigated  the  spectrosct^y  of  this  material  doped  with  various  levds  of  chromium.  The 
complete  luminescoice  qiectrum,  which  is  quite  sensitive  to  the  wavdength  and  tlw 
polarisation  of  the  excitation^*  is  shown  in  Hg.  5.6.  At  low  temperatures,  it  conrists  of 
several  sharp  features  at  around  700  nm,  some  broad  bands  at  about  800  nm  and  1000  nm, 
and  further  sharp  features  at  1100  nm.  The  latter  broaden  with  increasing  temperature  (see 
Fig.  5.7)  and  develop  into  the  lasing  band  at  room  temperature.  The  sharp  line  emission  in 
die  700  nm  r^on  corresponds  to  the  -•  ^A2  transition  on  Cr^***  ions  which  refiace 

ions  in  distinct  octahedral  sites,  one  with  inversion  symmetry  (Ml)  and  one  with  mirror 
symmetry  (M2),  as  well  as  a  perturbed  Ml  site,  possibly  arising  from  charge  compensation. 
Cr^'*'  ions  in  such  sites  have  distinct  ground  iqilittings,  measured  using  E.P.R.,^  which  are 
resolved  in  the  R|  emission  at  low  temperature  and  which  clearly  identify  the  Cr^'*'  site.  The 
energy-level  structure  for  the  CP*  ions  is  similar  to  that  in  alexandrite  [1]  and  with 
increasing  temperature  the  higher-lying  ^2  becomes  populated  so  that  emission  from 
this  level  dominates  the  spectrum  at  room  temperature  (Fig.  5.7).  The  lifetime  varies  from 
8.9  ms  at  low  temperature  to  340  fts  at  room  temperature  and  can  be  fitted  to  a  purely 
radiative  model  for  the  emission.  The  variation  of  the  lifetime  can  be  fitted  to  the  exi»ession 

1  ^  /j  »  3  /r  eatp(-A/*3) 

T  *  1*3  exp(-A/3a) 

with  values  of  1 14  s’*  and  10*  s'*  for  the  radiative  rates  fg,  fj  from  the  and  *T2  levels, 
respectively,  and  450  cm'*  for  the  energy  wparation  A  b^ween  ^E  and  *T2.  We  find  no 
evidence  for  any  enmgy  transfer  from  Cr^*  ions  to  the  IR  lasing  centre,  which  was  suggested 
by  othm*  woricera,^*  or  for  any  nonradiative  component  in  the  emisaon  from  diese  ions  up 
to  room  temperature.  The  spectroscopy  of  the  Cr^'*'  emission  is  described  in  more  detail  in 
two  publications  in  Appendices  3,4.  In  an  attempt  to  understand  the  host  material  more 
fiiUy,  we  investigated  Fe-dcqied  forsterite  also.  Details  of  our  results  ate  contained  in  a 
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publication  in  Appendix  5. 


De^ite  its  high  efficiency,  this  system  is  ptevented  from  lasing  due  to  absorption  by  another 
crater  (now  generally  accepted  to  be  Cr**  in  tetrahedral  Si  sites^*’^  which  is  the  basis  for 
the  demonstrated  laser  action  in  this  material  in  a  band  centred  at  1.2  fim.  (The  latter  may 
be  pumped  almost  anywhere  in  the  visible  and  even  at  1.06  /im).  The  energy  levd  diagram 
fm*  Cr*'*'  in  a  tetrahedral  site  is  similar  to  diat  fev  Ni^'*'  in  an  octahedral  ate  (see  Fig.  1.3) 
and  die  lasing  emission  has  been  tratadvdy  assigned  to  a  transition  from  the  lowest  crystal- 
field  ^lit  component  of  the  ^2  ^  ^^2  gnamd  state  in  diis  system.^  The  strucbired 

low-temperature  spectrum  shown  in  Fig.  5.6  becomes  a  broad  band  at  room  temperature  and 
it  peaks  at  different  wavelengths  armind  1. 1  /tm  depending  on  the  excitation  wavelength  and 
(Ml  the  Cr  concentration  (Fig.  S.8).  Emission  in  this  wavelength  r^ern,  and  die  measured 
lifetime  of  2.5 /(S  at  rxxHn  temperature,  is  difficult  to  reconcile  widi  the  known  spectroscopic 
prc^iraties  of  Cr^'*'  ions  in  oxide  crystals.  The  identification  of  the  lasing  centre  in  this 
material  remains  an  interesting  problraa  few  further  study.  We  note  that  siniilar  laser  action, 
with  a  tuning  range  of  mote  than  300  nm  and  extending  to  beyond  1.2  /im  in  s(Mne  cases, 
has  recrady  been  netted  by  Kaminsldi^^  in  a  range  of  Cr-tk^ied  oxide  crystals.  If  indeed 
these  results  are  due  to  Ct**  then  this  i(Mi  may  prove  to  be  a  worthwhile  laser  centre  in  its 
own  right  which  can  extend  the  range  b^ond  that  of  in  die  infrared  and  new  crystal 
hosts  were  sought  which  can  stabilise  this  oxidation  state.  Some  of  the  results  are  described 
in  the  next  section. 

5^  Spectroscopic  measuraaeats  CT^*’doped  media. 

Although  laser  acti(Mi  in  Cr-doped  fbrsterite  and  YAG  crystals  is  attributed  to  Ct** 
in  a  distorted  tetrahedral  site,  a  number  of  other  materials  with  Cr*'*'  in  tetrahedral  sites  have 
not  exhibited  stimulated  emission  at  rocmi  temperature.^^  This  may  be  due  to  low  quantum 
efficiency  in  these  media  resulting  from  intrai(Miic  MMiradiative  decay  processes  and  energy 
transfer  to  tra^.  To  address  this  problem  (in  collaboration  with  the  University  of  Belarus, 
Minsk)  we  have  investigated  the  spectroscopic  prqierties  of  different  hosts  containing  Ct** 
ions  in  tetrahedral  sites,  namely  ¥28105  (YSO),  Gd2Si05  (GSO),  and  C^(V04)2  (CVO).  As 
shown  in  Fig.  5.9,  the  broadband  luminescence  from  diese  materials  at  low  temperatures  was 
in  the  1. 1-1.7  urn  r^ern  with  peaks  at  about  1.25,  1.32,  and  1.17  ^m  in  YSO,  GSO,  and 
CVO,  respectively,  and  was  assigned  to  ^2  ^^2  transitions  on  Cr*'*'  km  in  tetrahedral 

sites  (see  Fig.  1.3).  At  least  two  types  of  the  near  infrared  emitting  craters  were  observed 
in  YSO.  The  dominant  strong  absorptUxi  bands  with  peaks  at  about  16700  and  14(X)0  cm'', 
weak  absotpti(Mi  at  about  1000  cm''  and  broad  emission  band  with  peak  at  1250  nm  are 
assigned  to  tian^tions  on  Ct**  ions,  substituting  for  the  Si  in  distorted  tetrahedral  sites.  The 
tempertdure  dependence  of  two  zero-phonon  lines  obsraved  at  1 148.7  nm  and  1 144.3  nm 
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The  near-ia£rered  enisslon  band  in  chroniuB-doped  forsterite  for 
different  concentrations  of  chrcndua  excited  by  an  argon-ion  laser 
at  290  K  (all  lines).  Tunable  laser  operation  has  been  obtained 
over  about  75  na  centred  on  1.2  un  (12). 


Figure  5.9.  Broadband  luminescence  spectra  of  various  Cr^  -doped  hosts  at  26  K. 


indicated  the  33.5  cm  '  splitting  in  excited  state  of  this  centers.  Fluorescence  decay  time 
excited  by  578  nm  pumping  varied  from  1 1.5  /im  at  77  K  to  0.9  ^s  at  300  K.  A  decreasing 
of  emission  intensity  was  observed  with  increasing  temperature,  providing  evidence  for 
strong  non-radiative  processes.  Another  type  of  emitting  center  in  YSO  had  weak  absorption 
bands  at  about  20500  and  13000  cm  '  and  fluorescence  band  with  peak  at  about  1.2  ^m.  The 
emission  lif«^me  at  77  K  was  found  to  be  5.2  ;ts  and  extremdy  strong  temperature 
quenching  of  the  fluorescence  was  observed  for  this  center. 

A  broad  near  infrared  emission  band  peaking  at  1.32  nm  was  observed  in  GSO  with 
a  lifetime  of  1.7  ^  at  77  K.  At  room  temperature  the  fluorescence  intensity  and  lifetime  was 
two  orders  of  magnitude  smaller  than  that  at  77  K.  The  emission  lifiedme  at  low 
temperatures  was  shorter  than  that  observed  in  fwsterite  and  varied  from  11.5  fis  in  YSO  to 
1.8  fts  in  GSO.  The  temperature  dependence  of  the  emission  lifetime  and  of  the  int^raied 
intensity  (Fig.  5.10)  were  measured  f(»  these  materials  over  a  range  of  Cr*'*'  doping  levels. 
The  results  indicated  that  intraionic  nonradiadve  relaxation  processes  are  wrongly  affecting 
the  emission  from  the  ^2  excited  state  of  tdrahedral  Cr^'*'  at  room  temperature. 

In  all  of  these  materials,  the  integrated  intensity  in  die  emission  band  decreased  by 
a  factor  of  15-20  on  warming  up  to  room  temperature.  The  spectroscopy  of  Cr^'^'-doped 
materials  is  still  very  poorly  understood  and  much  work  remains  to  be  done  if  this  potential 
laser  center  is  to  be  fiiUy  exploited. 

5.6  Conclusion 

Since  interest  was  renewed  in  Cr-dt^ied  media  by  the  achievemmit  of  laser  action  in 
alexandrite,  and  subsequoidy  forsterite,  many  new  Cr-doped  media  have  been  rqxnted  (see 
Table  1.1)  and  Cr^'*'  has  been  recognised  as  a  new  lasing  ion.  The  results  of  our 
measurements  on  materials  doped  with  either  Cr^'''  and  Cx**  ions  (or  both)  have  been 
repotted  in  this  chapter.  Although  many  materials,  containing  ions  in  t^rahedral  sites, 
have  recently  been  explored,  none  have  been  found  which  a  quantum  efficiency  at  room 
temperature  comparable  to  that  obtained  in  forsterite.  Interest  in  Cr^^-doped  materials  has 
decreased  since  the  commercialisation  of  the  Tusapphire  laser  system. 


Ca,(VO,), 

:GSGG 


Temp  (K) 

Figure  5.10.  Teiq>erature  dependence  of  luminescence  in  various  hosts. 


CONCLUSION. 


Although  there  are  very  few  commercial  laser  systems  based  on  TMI-doped  materials, 
the  data  presented  in  this  report  suggests  that  many  possible  (k^ant-host  combinatirms  remain 
to  be  explored.  Some  novel  behaviour  for  TMI  in  various  host  materials  has  been  discovered 
in  this  study,  e.g.  emission  from  higha*  excited  state  in  MgNb20(:Co^''',  energy  transfer 
from  host  material  in  BiGa03:Cr^''',  and  anomalous  lifetime  of  the  'T2  state  in 
MgNb205:Ni^''’  and  ZnNb20«:Np'*'.  The  luminescence  behaviour  of  the  latter  systems  is 
very  similar  to  that  of  several  Ni-doped  chlorides  rqrorted  recently.  In  CsCdCl3:Ni^''', 
evidence  is  presented  for  a  nonradiative  pathway  from  the  *T2  state  direct  to  the  ground  state. 
Such  processes  are  difficult  to  detect  since  they  can  only  be  observed  easily  when  two 
emitting  levels  are  connected  by  radiative  and/or  nonradiative  transitions,  a  situation  which 
rarely  occurs  for  TMI  centers.  Thus  very  little  is  known  about  the  nonradiative  branching 
ratios  involved  in  multiphonon  relaxation  from  higher  excited  states.  It  is  possible  that 
multiphonon  relaxation  pathways  which  do  not  follow  a  ‘cascade*  route  of  succesrive  stqrs 
between  adjacent  levels  are  much  more  comrtKm  in  TMI  systems,  although  very  difficult  to 
detect.  MgNb20(:NP'''  is  an  important  material  since  it  allows  more  dialled  investigation 
of  the  excited  state  dynamics  of  such  systems.  This  material  also  shows  an  unusually  strong 
and  sharp  absorption  from  the  ground  state  into  the  'E  level.  The  reason  for  this  effect  may 
shed  some  light  on  the  nature  of  the  singlet-  triplet  mixing  in  Ni-doped  materials.  Both 
LiAl50s  and  2^nAl204  doiped  with  Ni^^  show  potential  as  tunable  laser  media,  although  ESA 
studies  have  yet  to  confirm  this  possibility. 

This  study  has  not  uncovered  an  alternative  to  MgF2:Co^'^,  the  only  Co-dcqred 
commercial  laser  system,  although  some  new  possibilities  based  mainly  on  tetrahedrally- 
coordinated  Co^*  ions  and  emission  from  higher  excited  states  of  octahedrally-coordinated 
systems  have  been  explored.  ESA  arul  nonradiative  relaxation  effects  are  major  potential 
drawbacks  in  all  Co-doped  materials  but  careful  trawling  of  new  materials  may  be  a  source 
of  new  laser  media. 

The  growth  of  Cr-doped  cryst^s  has  taken  a  new  direction  in  recent  years  with  the 
realisation  that  Ct^'*’  is  also  a  lasing  ion  and  with  the  identification  and  growth  of  crystalline 
hosts  which  can  accept  this  ion  in  t^rahedral  sites.  The  search  continues  also  for  new  Cr^*- 
doped  media  with  high  quantum  efficiency  in  the  ^2  ^^2  transition  at  room  temperature. 

Much  work  remains  to  be  done  to  understand  (i)  why  forsterite  is  the  (Hily  host  in  whidi 
Cr^'*'  emits  with  significant  quantum  efficiency  at  room  tempoature,  (ii)  the  unusual 
temperature  dqtendence  of  the  emission  lifetime  in  this  material,  (iii)  why  Cr  enters  this  host 
as  Cr^'*'  in  tetrahedral  sites.  Our  studies  of  other  Cr-doped  silicates  may  provide  answers  to 
some  of  these  questions. 


The  possibility  of  obtaining  laser  action  in  glasses  doped  with  TMI  was  explored 
briefly,  without  success,  early  in  the  project.  The  most  encouraging  results  were  obtained 
with  fluoride  glasses  doped  with  Co  and  Ni.  Given  the  preference  for  randomly  connected 
tetrahedral  complexes  in  silicate  glasses,  and  the  ease  with  which  Cr  has  been  incorporated 
in  tetrahedral  sites  in  various  crystalline  silicates,  it  may  yet  be  possible  to  fabricate  glasses 
doped  with  ions  which  would  have  suitable  properties  for  IR  lasers.  The  potential  of 
constructing  fibre  amplifiers  in  the  1.3-  1.5  nm  r^on  is  an  attractive  possibility. 
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FLN  STUDY  OF  LiGajOgtCo^* 

J.F.  DONEGAN,  T.J.  GLYNN  and  G.F.  IMBUSCH 

Department  of  Physics,  Unioersity  College,  Galway,  Ireland 


Absorption,  luminescence,  and  lifetime  measurements  have  been  carried  out  on  LiGajOg ;  Co^'^.  The  emission  consists  of 
three  broad  bands,  peaking  at  675  nm,  950  nm,  and  1.2  pm.  which  are  assigned  to  spin-allowed  transitions  between  the 
^T,(^P)  state  and  lower  crystal  field  levels  of  the  Co^^  ions  in  tetrahedral  sites.  The  radiative  decay  rate,  common  to  all  the 
emission,  is  -  200  ns,  even  up  to  room  temperature.  FLN  techniques  were  used  to  study  the  zero-phonon  line  of  the  visible 
transition,  which  occurs  at  15157  cm~'.  These  studies  reveal  fine  structure  in  the  inhomogeneously  broadened  line  and  a 
ground-state  splitting  of  -  20  cm~'.  indicating  that  the  cobalt  ions  occupy  rather  distorted  tetrahedral  sites. 


I.  Introduction 

The  ion  has  been  studied  as  a  dopant  ion  in 
many  host  materials,  in  which  it  can  occupy  sites  of 
octahedral  symmetry,  for  example  in  MgF2  [1],  or  sites 
of  tetrahedral  symmetry,  for  example  in  ZnO  {2].  How¬ 
ever,  given  a  choice  of  sites  this  ion  shows  a  strong 
preference  for  the  tetrahedral  site  [3,4],  LiGajOg  con¬ 
tains  both  types  of  site  but  absorption,  luminescence, 
and  lifetime  data  [S]  indicate  that  the  cobalt  substitutes 
for  Ga^*  ions  as  and  only  in  tetrahedral  sites.  We 
find  no  spectroscopic  evidence  for  cobalt  ions  in  any 
valence  state  in  octahedral  sites.  The  dopant  cobalt 
shows  two  zones  of  concentration  in  this  material.  Elec¬ 


tron  beam  microprobe  measurements  on  one  sample 
gave  0.5%  for  the  dark  blue  core  region  of  the  sample 
and  0.12%  in  the  pale  blue  outer  edges  [6]. 


2.  Spectroscopic  measurements 

By  comparison  with  the  absorption  spectra  from 
dopant  Co^*  ions  in  tetrahedral  sites  in  other  materials 
[3.4]  we  have  assigned  the  three  main  luminescence 
bands  from  this  material  -  at  675  nm,  950  nm.  and  1200 
nm  -  to  transitions  from  the  ‘‘T,(‘'P)  level  to  '‘A2(''F). 
■‘Tjf^F),  and  ‘'T,(^F).  respectively.  A  summary  of  the 
relevant  spectra  is  shown  in  fig.  1 .  The  visible  emission 


650  850  1050  1250 

wavelength  (nm) 

Fig.  I.  Energy  level  structure  along  with  excitation  and  luminescence  spectra  of  Cai^*  ions  in  tetrahedral  sites  in  LiGa,0|,  at  15  K. 
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nally,  if  the  laser  frequency  coincides  with  transitions 
from  the  two  components  of  the  ground  state  to  the 
lower  level  of  the  *T,(^P)  state,  situations  illustrated  in 
fig.  3(c)  and  (d),  then  we  would  expect  to  obtain  a  true 
FLN  signal  as  we  are  resonantly  exciting  the  lowest 
level  of  the  excited  state.  The  expected  emission  in  this 
case  is  a  pair  of  lines  equally  spaced  from  the  exciting 
laser  frequency.  Again  referring  to  fig.  2  we  observe  that 
the  emission  shown  in  spectra  (0  and  (g)  does  in  fact 
consist  of  a  pair  of  sharp  lines,  which  we  interpret  as 
transitions  to  the  two  components  of  the  ground ''AjC'F) 
state.  The  separation  between  the  laser  frequency  and 
one  of  these  components  gives  the  ground  slate  splitting 
which  we  measure  to  be  approximately  20  cm”  '  in  this 
case.  The  separation  between  the  exciting  laser  and  the 
rather  broad  emission  in  spectrum  (a)  in  fig.  2  should  by 
analogy  give  the  excited  state  splitting  of  the  ''T,(‘‘P) 
level.  This  splitting  is  measured  to  be  --  35  cm  ” Some 
of  the  sideband  features  also  became  much  narrower  - 
3  cm  ■  ’  -  when  the  luminescence  was  excited  by  the 
laser  within  the  zero-phonon  line. 


4.  Conclusion 

FLN  experiments  show  an  amount  of  fine  structure 
in  the  inhomogeneously  broadened  ^T|(^P)-^A2(^F) 
luminescence  transition  in  LiGajOs :  Co^^  and  reveal  a 
ground  state  splitting  of  approximately  20  cm”  '.  This  is 
a  large  value  for  the  ^Ajf^F)  level,  indicating  that  the 
distortion  of  the  tetrahedral  site  is  large,  due  perhaps  to 
local  charge  compensation  effects.  The  short  lifetime  of 


the  excited  state  makes  it  unsuitable  for  flashlamp 
pumping,  but  suggests  a  potentially  high  gain  in  the 
infrared  depending  on  the  branching  ratio  between  the 
various  transitions.  These  data  suggest  that  similar  sys¬ 
tems  based  on  Co^"^  ions  in  tetrahedral  coordination 
may  find  application  as  tunable  solid-state  laser  media 
in  the  near  infrared. 
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Optical  and  magnetic-circular-dichroism-optically-detected-magnetic-resonance  studies  have  been 
carried  out  on  Co-doped  LiGajOj.  The  Co  ions  are  found  to  be  predominantly  in  the  2  -i-  charge  state 
and  to  substitute  for  tetrahedrally  coordinated  in  the  LiGasO,  lattice,  in  sites  which  are  shown  to 
have  C3  point-group  symmetry.  The  strong  absorption  bands  from  the  ground  state  *  .4  2  to  the  ex¬ 
cited  states  *T,(*P)  and  are  each  split  by  the  low-symmetry  Cj  field.  A  combination  of  the  low- 

symmetry  field  and  spin-orbit  coupling  is  responsible  for  the  ground-state  splitting  of  19.5±0.5  cm"'  ob¬ 
served  by  fluorescence  line  narrowing.  Strong  broadband  luminescence  is  observed  from  the  lev¬ 

el  to  three  lower  levels,  *Ai(*F),  *T2{*F),  and  *T,{*F),  with  a  lifetime  that  is  constant  at  200  ns  from 
10  K  up  to  room  temperature.  The  optically-detected  magnetic-resonance  studies  show  that  the  Co^’'^ 
ions  are  in  sites  which  have  axial  symmetry  along  <111  >-type  axes  of  the  unit  cell,  indicative  of  the  Cj 
symmetry  present  in  these  substitutional  sites.  We  give  a  detailed  crystal-field  model  for  the  Co^*  ion  in 
the  Cj  site  in  LiGajOg  and  deduce  the  crystal-field  parameters  from  our  experimental  data. 


I.  INTRODUCTION  AND  BACKGROUND  and  Co^'*'  ions,  mainly  in  distorted  tetrahedral  en¬ 

vironments.  The  tetrahedral  Co^"*^  spectrum  observed  in 
When  cobalt  (Co)  is  added  as  a  dopant  to  wide  band-  the  garnet  material  YAG  is  dominated  by  a  broad 

gap  oxide  materials,  they  acquire  a  characteristic  color  double-peaked  band  centered  near  9000  cm"'.  On  the 

due  to  electronic  transitions  on  the  Co  ions  in  the  visible  other  hand,  the  tetrahedral  Co^^  spectrum  in  YAG 

region  of  the  spectrum.  The  cobalt  ions  are  generally  shows  three  absorption  regions.  The  strongest  absorption 

found  in  the  2-1-  and  3-f  charge  states  in  these  oxide  occurs  in  the  visible  peaking  near  16000  cm"',  giving  the 

hosts.  In  1961,  Pappalardo,  Wood,  and  Linares'  carried  YAG:Co  samples  a  characteristic  blue  color,  and  two  ab¬ 
out  a  study  of  the  spectroscopic  properties  of  cobalt  in  a  sorption  bands  occur  in  the  near  infrared,  peaking  at 

number  of  oxide  crystals.  They  i-ivestigated  cobalt  dop-  7100  and  4700  cm"'. 

ing  of  MgO  and  ZnO,  which  ofler  full  octahedral  and  The  material  LiGasOg  crystallizes  with  the  spinel 
tetrahedral  symmetry  for  the  dopant  Co  ions,  respective-  (MgAljOg)  structure,  which  is  adopted  by  a  large  number 

ly.  These  are  therefore  ideal  test  systems  to  establish  the  of  compounds  whose  genera)  formula  is  XY20^.  In  gen- 

spectroscopic  properties  of  dopant  Co  ions  in  oxide  ma-  eral,  two  types  of  spinel  are  distinguished:  “normal”  and 

terials.  The  simplicity  of  the  observed  spectra  allowed  “inverse,”  and  the  cube  in  Fig.  1  represents  the  unit  cell 

Pappalardo  et  al.^  to  perform  a  detailed  crystal-field  of  normal  spinel.  For  convenience,  the  cell  is  divided 

analysis  of  the  spectra.  These  researchers  also  carried  into  octants,  and  the  arrangements  of  ions  in  two  of  the 

out  investigations  of  cobalt-doped  spinel  (MgAl204)  and  octants  are  shown.  These  arrangements  are  repeated  in 

YAG  (Y3Al50]2),  each  of  which  offer  both  tetrahedral  alternate  octants.  The  octahedral  and  tetrahedral  sites 

and  octahedral  environments  for  the  dopant  Co  ions.  On  may  be  distinguished  in  this  figure.  Whereas  in  normal 

the  basis  of  the  work  in  MgO:Co^'''  and  ZnO;Co^''^,  they  spinel  the  octahedral  and  tetrahedral  sites  are  occupied 

found  that  their  spinel  and  YAO  samples  were  dominat-  by  trivalent  and  divalent  ions,  respectively,  in  inverse 

ed  by  Co^^  spectra  and  that,  given  a  choice,  the  Co^'*'  spinel  one-half  of  the  trivalent  ions  occupy  tetrahedral 

ions  greatly  preferred  tetrahedral  to  octahedral  coordina-  sites  while  the  other  half,  together  with  the  divalent  ions, 

tion  in  these  materials.  A  subsequent  study  of  Co  absorp-  occupy  octahedral  sites,  and  the  structure  can  be 

tion  spectra  in  garnet  hosts  was  carried  out  by  Wood  and  represented  by  the  formula  YfJiryiOg. 

Remeika^  in  1967.  The  observed  spectra  were  ascribed  to  The  LiOagOg  arrangement  is  a  variation  of  the  inverse 
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FIG.  1.  Schematic  diagram  of  the  unit  cell  of  normal  spinel 
(MgAl204).  For  clarity,  only  two  octants  of  the  unit  cell  are 
shown.  The  large  open  circles  are  the  oxygen  'ons,  the  small 
open  circles  are  the  tetrahedrally  coordinated  ions,  and  the 
hatched  circles  are  the  octahedrally  coordinated  ions.  Atoms  A 
and  B  in  the  figure  are  in  tetrahedrally  coordinated  environ¬ 
ments. 


Co^'*'  ions  substitute  for  at  these  sites  in  LiGasOg. 
There  are  four  possible  inequivalent  sites  in  the  unit 
cell,  with  Cj  axes  along  <111  )-type  directions.  The  crys¬ 
tal  structure  of  LiGagOg  has  been  described  in  detail  by 
Goiter.^ 

In  the  past,  extensive  optical  spectroscopic  studies 
have  been  carried  out  on  Cr^^,  Mn*'*',  Fe^''^,  and  Ni^^ 
ions  in  LiGagOg.*'*  In  this  study  we  have  combined  op¬ 
tical  and  magnetic-circular-dichroism-optically- 
detected-magnetic-resonance  (MCD-ODMR)  spectros¬ 
copies  to  obtain  a  detailed  account  of  the  electronic 
structure  and  environment  of  the  Co^"*"  ion  in  LiGagOg. 
The  experimental  results  are  consistent  with  the  Cg  site 
symmetry  expected  for  substitutional  Co^'*^  in  the 
tetrahedrally  coordinated  sites  in  this  material.  A 
crystal-field  model  is  developed  for  the  Co^^  ion  in 
LiGagOg,  and  values  for  the  crystal-field  parameters  are 
derived  from  the  data. 

U.  EXPERIMENTAL  DETAILS 


spinel  structure  and  contains  4  formula  units  in  the  cubic 
cell  shown  in  Fig.  1.  The  monovalent  Li'*'  ions  and 
three-fifths  of  the  Ga^"^  ions  are  distributed  among  the 
octahedral  sites  in  an  ordered  manner  so  that  each  row  of 
octahedral  ions  in  a  <  1 10)-type  direction  contains  a  lithi¬ 
um  ion  in  every  fourth  position.^  This  distribution  of  Li 
ions  results  in  the  arrangement  shown  in  Fig.  2  for  the 
second-nearest-neighbor  shell  of  cations  about  a  gallium 
ion  in  the  tetrahedrally  coordinated  site.  The  nearest- 
neighbor  oxygen  ions  are  not  shown^  The  Li  ions  are  ar¬ 
ranged  symmetrically  about  the  [111]  direction  of  the 
cell.  This  arrangement  of  the  Li  ions  means  that  the  site 
symmetry  for  the  tetrahedrally  coordinated  Ga^^  ions  is 
reduced  from  to  Cj,  and,  as  we  will  see  later,  the 


FIG.  2.  Environment  of  the  Co^^  ion  in  LiGa,0|  showing 
the  shell  of  second-nearest-neighbor  cations.  This  cube  in  this 
figure  is  shifted  by  a  distance  equal  to  half  the  cube  edge  with 
respect  to  the  cube  in  Fig.  1  (so  that  the  atom  marked  B  in  Fig. 
1  is  now  at  the  center  of  the  cell)  and  the  oxygen  nearest- 
neighbor  ions  are  omitted  for  clarity.  The  solid  circle  is  the 
Co^  ^  ion  and  the  hatched  circles  are  the  octahedrally  coordi¬ 
nated  second-nearest-neighbor  ions.  The  circles  marked  X  are 
the  Li^  ions.  The  Cj  symmetry  axis  for  the  Co’^  ion  in  the 
center  of  the  shell  is  the  [  iTl  ]  direction. 


The  luminescence  and  excitation  measurements  were 
carried  out  in  an  Air-Products  flow  cryostat  with  temper¬ 
atures  in  the  range  10-300  K.  An  Aviv  spectrophotome¬ 
ter  was  used  for  the  absorption  experiments  along  with  a 
cold-finger  cryostat  with  liquid-Nj  cooling.  For  the 
luminescence  work,  an  Ar''^  laser  with  l(X)-mW  power  at 
514.5  nm  was  employed.  The  excitation  spectra  were 
recorded  using  a  cw  dye  laser  with  DCM  or  RG6  as  the 
active  dye  medium.  Both  photomultipliers  (with  S20  and 
GaAs  photocathodes)  and  a  liquid-N2-cooled  Ge  detector 
were  used  to  monitor  the  light  signals. 

The  MCD  and  ODMR  experiments  are  illustrated  in 
Fig.  3.  In  this  illustrative  example,  the  ground  and  excit- 
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FIG.  3.  An  illustrative  example  of  MCD  with  the  ground 
and  excited  states  both  described  by  5  =  j.  The  lower  Zeeman 
level  in  the  ground  state  is  more  heavily  populated  than  the 
upper  state  at  low  temperature,  giving  rise  to  a  MCD  signal. 
The  ODMR  transition  in  the  ground  state  is  indicated  by  a 
dashed  line. 
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ed  states  are  spin  doublets,  and  these  are  each  split  into 
two  by  the  magnetic  field.  The  two  circularly  polarized 
absorption  transition,  and  Ojt,  are  shown.  These  are 
transitions  in  which  the  light  travels  along  the  direction 
of  the  magnetic  field.  The  oscillator  strength  of  the  two 
transitions  are  equal,  but  the  absorption  strength  will  de¬ 
pend  on  the  populations  in  the  ground-state  sublevels.  In 
this  case,  where  there  is  a  greater  population  in  the  lower 
level,  in  accordance  with  the  Boltzmann  formula,  then 
Ol  will  be  greater  than  and  the  MCD  signal,  which  is 
proportional  to  —a^ ),  will  be  nonzero. 

If  now  the  sample  is  irradiated  with  microwave  power 
at  a  frequency  corresponding  to  the  Zeeman  splitting  of 
the  ground  state,  this  will  tend  to  equalize  the  popula¬ 
tions  in  the  two  levels  and  there  will  be  a  decrease  in  the 
MCD  signal.  Thus,  the  ground-state  resonance  condition 
shows  up  as  a  change  in  the  optical  signal  and  this  consti¬ 
tutes  the  optically-detected-magnetic-resonance  signal. 

The  MCD-ODMR  experiments  were  carried  out  at 
1.6  K  in  an  Oxford  Instruments  SM-3  superconducting 
magnet  cryostat.  The  sample  was  mounted  at  the  center 
of  a  3S-GHz  TEg,,  microwave  cavity  having  optical  ac¬ 
cess.  A  Hinds  SM-3  quartz  modulator  produced  alternat¬ 
ing  left  and  right  circularly  polarized  light  at  50.3  kHz. 
The  MCD  signals  were  detected  using  both  Si  and  Ge 
detectors  combined  with  standard  lock-in  techniques. 
For  the  ODMR  experiments,  ~50  mW  of  microwave 
power  was  introduced  into  the  cavity.  For  the  case  in 
which  the  absorption  coefficients  and  <Th  are  small, 
the  MCD  signal  is  given  by 

MCD  =  (ffi -or;,) a (/« -/j, )  ,  (1) 

where  Ii  and  /„  are  the  transmitted  intensities  for  left 
and  right  circularly  polarized  light. 


The  samples  of  LiGa;Og  used  in  this  study  were  grown 
by  the  flux  method,  and  the  dopant  cobalt  ions  exhibit 
two  zones  of  concentration  in  the  material:  a  deep  blue 
core  and  an  outer  pale  blue  region.  Electron  microprobe 
measurements  of  the  cobalt  concentration  in  one  sample 
gave  0.5%  in  the  core  and  0.12%  in  the  pale  area.'"  All 
measurements  were  carried  out  on  samples  cut  from  the 
lightly  doped  region.  For  the  magnetic  resonance  experi¬ 
ments  a  smaU  sample  (dimensions  1  mm  XI  mm  X  1.5 
mm)  was  cut  so  that  it  could  be  positioned  ii^the  mi¬ 
crowave  cavity  with  the  magnetic  field  in  the  (Oil)  plane. 

m.  EXPERIMENTAL  RESULTS 

The  LiGajOgiCo^'''  system  shows  two  regions  of  strong 
absorption,  and  their  spectra  recorded  at  85  K  are  shown 
in  Fig.  4.  These  spectra  show  a  very  strong  similarity  to 
those  of  Co^'*"  ions  in  tetrahedrally  coordinated  environ¬ 
ments  in  Y3Al50,2  and  ZnAl204.^’"  A  Tanabe-Sugano 
energy  level  diagram  for  the  lowest  energy  levels  of  a 
ion  in  a  tetrahedral  crystal  field  is  also  given  in  Fig.  4, 
and  we  assign  the  visible  absorption  band  to  the 
*A2{*F)^*T^{*P)  transition  and  the  infrared  band  to 
the  * A2{*F)-^*Ti(*F)  transition.  A  third  absorption 
transition  due  to  the  * A2(*F)—**T2i*F)  transition,  ex¬ 
pected  to  lie  in  the  region  of  4(XX)  cm~',  could  not  be 
detected  even  in  samples  with  nominal  Co  concentration 
of  1%.  The  weak  band  in  Fig.  4  with  a  zero-phonon  line 
at  13  580  cm“'  is  tentatively  assigned  to  Co^^  in  the  oc- 
tahedrally  coordinated  site  in  LiGasOg  by  comparison 
with  previous  studies  of  Co-doped  ¥3X150,2.^ 

On  inspection  of  Fig.  4  we  see  that  both  absorption 
bands  are  split;  the  band  in  the  visible  has  two  broad 
components  at  15  400  and  16  600  cm~ while  the  band  in 


FIG.  4.  The  absorption  spectrum  of  LiGasOi.-Co’*  recorded  at  85  K  showing  the  * A2(*F}->*T,i*P)  and  the  *A2l*F)~»*Tf(*F) 
transitions.  The  inset  shows  a  Tanabe-Sugano  energy-level  scheme  for  Co'^  in  LiOajO,.  The  absorption  transitions  are  indicated  on 
the  eiKrgy-level  scheme. 
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FIG.  5.  The  luminescence  spectrum  of  LiGasOg.-Co^’’’ 
recorded  at  20  K  and  room  temperature  showing  the  three 
luminescence  transitions.  An  Ar^  laser  with  KXTmW  power 
was  used  for  excitation.  The  luminescence  transitions  are  indi¬ 
cated  on  the  energy-level  scheme  in  Fig.  4. 

the  near  infrared  has  two  broad  components  at  7210  and 
63(X)  cm~'.  A  similar  splitting  was  observed  by  Wood 
and  Remeika  in  the  corresponding  Co^'*'  spectra  in 
Y3Al50i2.^  There  is  some  sharp-line  structure  evident  in 
both  transitions,  which  makes  it  difficult  to  unambiguous¬ 
ly  distinguish  between  electronic  and  vibrational  fine 
structure. 

Using  Ar^  laser  excitation  at  S14.S  nm,  three  lumines¬ 
cence  transitions  are  observed  and  the  complete  lumines¬ 
cence  spectrum  at  20  K  and  room  temperature  are  shown 
in  Fig.  5.  This  spectrum  was  recorded  using  a  Ge  detec¬ 
tor  and  is  not  corrected  for  the  system  response.  We  note 
that,  as  the  Ge  detector  has  a  poor  response  in  the  visible. 


PIG.  6.  (a)  The  excitation  spectrum  of  all  three  luminescence 
transitions  shown  in  Fig.  3  recorded  at  13  K  and  (b)  the 
*T)(*P)-**Ail*F)  lummescence  transition  recorded  at  13  K. 
These  two  spectra  arc  clearly  mirror  images  of  one  another 
apart  from  the  features  marited  x,  y,  and  z  in  the  figure. 


TABLE  1.  Comparison  of  the  sideband  features  (in  cm~')  in 
luminescence  and  excitation  of  the  transi- 

tions  for  Co^'’'  ions  in  LiGagOg. _ 


Luminescence 

Excitation 

46 

63 

149 

146 

183 

188 

277 

333 

340 

374 

378 

474 

460 

520 

507 

564 

565 

630 

626 

657 

714 

704 

768 

the  first  luminescence  transition  in  the  red  is  much 
stronger  than  the  other  two.  The  zero-phonon  line  of  the 
first  luminescence  transition  at  15  157  cm~'  recorded  at 
15  K  coincides  with  the  first  sharp  peak  of  the  visible  ab¬ 
sorption  band  in  Fig.  4.  All  three  luminescence  bands  of 
Fig.  5  are  found  to  have  the  same  excitation  spectmm 
[recorded  at  15  K  and  shown  in  Fig.  6(a)]  and  the  same 
lifetime.  Therefore,  these  are  assigned  to  transitions  orig¬ 
inating  on  the  same  *Ti{*P)  level.  The  red  luminescence 
is  the  ^r,(V)— »^/42(^F)  transition  (see  the  energy-level 
diagram  in  Fig.  4)  while  the  two  near-infrared  lumines¬ 
cence  transitions  in  Fig.  5  are  assigned  to  the 


FIG.  7.  (a)  The  *A2i*F)—**Ti(*P)  absorption  transitiott 
recorded  at  83  K.  (b)  The  wavelength  dependence  of  the  MCD 
signal  for  the  *A2(*F)—**ri(*P)  transition  recorded  at  1.6  K. 
The  sharp  dip  in  the  MCD  signal  at  366  nm  is  ascribed  to  a 
Fano  antiresonance  effect. 
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FIG.  8.  (a)  The  * absorption  transition 

recorded  at  85  K.  (b)  The  wavelength  dependence  of  the  MCD 
signal  for  the  *.42(*F)— »'*T,(*F)  transition  recorded  at  1.6  K. 


[1001  [111]  [Oil] 


FIG.  10.  The  angular  dependence  of  the  ODMR  signal  with 
Bl(OlT).  The  Cj  symmetry  for  the  Co^'*^  impurity  is  evident 
from  the  spectrum.  The  solid  points  are  due  to  increases  in  the 
MCD  signals  at  resonance  and  the  open  circles  are  due  to  de¬ 
creases  in  the  MCD  signals  at  resonance.  The  splitting  of  the 
ODMR  lines  near  [100]  is  due  to  a  small  misalignment  ( ~2°)  of 
the  LiGasOj.-Co^'*'  crystal. 
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FIG.  9.  The  magnetic-field  dependence  of  the  MCD  signal 
along  the  (a)  [100],  (bl  [1 1 1],  and  (c)  [01 1]  directions  recorded  at 
the  arrowed  sraveiength  position  (1400  nm)  in  Pig.  8.  For  com¬ 
parison,  the  scaling  of  the  y  axis  for  the  three  signals  is  the 
same.  The  dips  and  peaks  in  the  spectra  are  due  to  ODMR 
transitions.  Note  the  “positive”  ODMR  transition  for  the 
[1 1  l]-oriented  specrium. 


“TilV)— and  *Ti(*P)-**Ty(*F)  transitions,  re¬ 
spectively.  The  lifetime  of  all  the  luminescence  bands  at 
10  K  was  found  to  be  2(X)±20  ns.  This  lifetime  is  con¬ 
stant  up  to  room  temperature  within  experimental  error. 

The  red  luminescence  transition,  recorded  in  greater 
detail  at  15  K,  is  shown  in  Fig.  6(b)  along  with  the 
luminescence  excitation  spectrum  in  Fig.  6(a).  The  two 
spectra  in  Fig.  6  are  clearly  mirror  images  of  one  another 
except  for  the  features  marked  x,  y,  and  z  in  the  excita¬ 
tion  spectrum.  The  frequencies  (with  respect  to  the 
zero-phonon  line  at  15  157  cm~')  of  all  the  fine-structure 
features  in  the  spectra  of  Fig.  6  are  given  in  Table  I.  The 
extra  fine-structure  lines  in  the  excitation  spectrum  are  at 
46, 63,  and  277  cm~'  from  the  zero-phonon  line  position. 

In  Figs.  7  and  8  we  present  tht  MCD  spectra  recorded 
at  5  =  1.64  T  and  T  =  1.6  K  for  the  LiGajOgiCo^'*^  sys¬ 
tem  along  with  the  corresponding  absorption  transitions 
at  r  =  85  K.  The  MCD  spectra  have  not  been  corrected 
for  the  system  response.  TTie  MCD  band  in  Fig.  8(b)  con¬ 
tains  a  great  wealth  of  fine  structure  at  this  temperature, 
even  more  than  is  evident  at  85  K  in  the  absorption  spec¬ 
trum  in  Fig.  8(a).  In  the  MCD  spectrum  of  Fig.  7(b) 
there  is  a  rather  interesting  feature  at  566  nm.  It  is  seen 
to  be  a  “dip"  in  the  MCD  signal  at  this  point.  This 
feature  is  also  observed  as  a  dip  in  absorption  strength  in 
the  absorption  spectrum  of  Fig.  7(a). 

The  magnetic  field  variatimi  of  the  MCD  signal  taken 
at  >.=>1400  nm  along  the  [100],  [111],  and  [011]  direc¬ 
tions  is  shown  in  Fig.  9.  We  note  that  the  intennty  of  the 
MCD  signal  is  not  isotropic,  as  it  would  be  if  the  Co^'*' 
ion  was  at  a  site  of  full  symmetry.  We  find  instead 
that  it  ^ows  a  maximum  along  the  [111]  direction  [Fig. 
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9(b)],  suggesting  an  axis  of  symmetry  along  this  direction. 
In  this  figure  we  also  show  the  ODMR  transitions, 
identified  as  peaks  and  dips  in  the  MCD  signals.  It  is  in¬ 
teresting  to  note  that  the  high-field  ODMR  transition 
along  [111]  shows  an  increase  in  the  strength  of  the  MCD 
band. 

The  angular  variation  of  the  Co^'*'  ODMR  transitions 
with  the  magnetic  field  B  in  the  (01 1 )  plane  is  shown  in 
Fig.  10.  The  solid  points  are  due  to  ODMR  transitions 
which  show  an  increase  in  the  total  MCD  signal  (positive 
ODMR),  and  the  open  points  are  due  to  transitions 
which  show  a  decrease  in  the  MCD  signal  (negative 
ODMR).  The  “positive”  ODMR  signal  is  strongest 
along  [111]  and  weakens  quickly  as  the  crystal  is  rotated 
towards  either  the  [100]  or  [Oil]  direction.  The  splitting 
of  the  ODMR  lines  near  [1()0]  is  due  to  a  small  misaUgn- 
ment  ( ~2*)  of  the  LiGajOgiCo^"''  crystal;  the  small  size 
of  the  sample  making  alignment  difficult. 

IV.  CRYSTAL-FIELD  MODEL 

In  this  section  we  describe  our  crystal-field  model  for 
the  Co^'*'  center  in  LiGa50g.  This  model  includes  a  full 
treatment  of  the  Cg  crystal  field  which  acts  upon  the 
Co^"*^  ion.  We  start  with  the  electron-electron  interac¬ 
tion,  and  then  include  the  crystal-field  interaction.  Last¬ 
ly,  we  consider  the  spin-orbit  interaction,  which  gives  rise 
to  a  splitting  of  the  ground  state.  This  leads  to  an  expres¬ 
sion  for  the  fine-structure  parameter  D  for  the  ground 
state. 


A.  Electron-electroa  interaction 

The  Co^"*"  impurity  in  LiGagOg  has  the 
configuration,  which  we  treat  as  a  three-hole 
configuration.  In  accordance  with  Hund’s  rule,  the 
ground-state  term  is  a  *F  term.  There  is  a  second  spin 
quadruplet,  a  *P  term.  In  the  case  of  a  free  Co^"*"  ion,  the 
*P  term  is  the  first  excited  term,  lying  approximately 
15  500  cm“'  above  the  ground  term.’^  The  *P-*F  split¬ 
ting  is  reduced  for  the  case  of  the  Co^'*'  impurity  in  crys¬ 
tals,  as  a  result  of  the  greater  extent  of  the  wave  functions 
when  the  ion  is  in  a  crystalline  environment.  We  denote 
the  *P*F  splitting,  which  can  be  expressed  in  terms  of 
the  Racah  parameter  B,  by  the  single  parameter  A. 

B.  CYystal-fieM  iateractioo 
I.  Tf  component 

We  decompose  the  crystal-field  potential  into  two  com¬ 
ponents,  which  we  treat  separately.  The  first  component 
is  a  field  of  symmetry,  resulting  primarily  from  the 
first  shell  of  neighbors  that  consists  of  four  oxygen  ions  in 
tetrahedral  coordination  about  the  Co^*^  ion  as  shown  in 
Fig.  1.  In  addition,  the  third  shell  of  neighbors  consists 
of  four  gallium  ions  also  in  tetrahedral  coordination 
about  the  Co^'*'  ion.  These  gallium  ions  are  located  in  the 
comers  of  the  left-hand  octant  in  Fig.  1.  The  tetrahedral 
crysul  field  splits  the  <me-hole  d  states  so  that  the  tj- 
symmetry  hota  are  lower  in  energy  than  the  e-symmetry 
holes  by  an  amount  lO0§r.  The  partial  removal  of  the 


fivefold  degeneracy  of  the  d  states  splits  the  *F  term  into 
three  manifolds:  *A2,  and  *T^{*F).  The  *P  term 
spans  the  manifold  *Ti{*P).  These  splittings  are  shown 
in  Fig.  11,  which  indicates  schematically  the  effect  of 
various  perturbations  on  the  Co^'^  ion  in  LiGagOg.  The 
many-hole  (Mj  =  y)  states  for  these  manifolds  are  given 
by 


%=(e,t;,^)  , 

^r„(*F)  =  l/i/5[(^,7,,0)-(-2(f,0,E)]  . 
^r„("p)=i/i/5[2(^,i7,0)-(^,e,E)] , 

where  {Xi,X2,Xj)  denotes  the  Slater  determinant  of  the 
orbitals  .Y,,  X2,  and  X^.  In  addition,  the  tetrahedral 
crystal  field  gives  rise  to  a  mixing  between  the  *Tj{*F) 
and  *Ti{*P)  manifolds,  resulting  in  the  repulsion  of  these 
levels,  as  shown  in  the  middle  of  Fig.  1 1 . 

2.  C 3  component 

The  second  component  of  the  crystal-field  potential  is  a 
component  of  Cg  symmetry.  The  second  shell  of  neigh¬ 
bors  around  the  Co^'*’  impurity  consists  of  nine  gallium 
ions  and  three  lithium  ions  arranged  as  shown  in  Fig.  2. 
If  all  the  ions  in  the  second  shell  were  identical,  i.e.,  galli¬ 
um  ions  in  this  case,  then  the  site  symmetry  would  be  r^. 
It  is  the  three  lithium  ions  that  are  responsible  for  lower¬ 
ing  the  symmetry  to  Cg.  Contrary  to  a  note  by  Macfar- 
lane,'’  there  is  a  distinction  between  Cg  and  Cg„  poten¬ 
tials,  though,  like  the  Cg„  potentials,  the  Cg  potential 
splits  each  orbital  triplet  into  an  orbital  singlet  and  an  or¬ 
bital  doublet.  [We  consider  an  expansion  of  the  potential 
in  terms  of  spherical  harmonics.  The  linear  combination 
of  L  =4  spherical  harmonics  (neglecting  the  M  =  0  har- 

• 


FIG.  11.  Energy-level  diagram  showing  the  splittings  of  the 
configuration  for  the  Co^^  impurity  in  UGagOg,  due  to  (a) 
the  electron-electron  interaction,  (b)  the  tetrahedral  con^mnent 
of  the  crystal  field,  and  (c)  the  Cg  component  of  the  crystal  field. 
The  Cj  crystal  field  splits  each  oibital  triplet  (7'|,7'])  into  a 
doublet  (£)  and  a  siB|^  iA).  The  energies  Ed  and  £5  used  in 
the  determination  of  the  fine-structure  parammer  D  are  also 
shown. 


43 


OPTICAL  AND  MAGNETIC-CIRCULAR-DICHROISM-  . . . 


369 


monic)  which  describes  a  potential  is  ( F43  —  ^4^3 ), 
which  is  proportional  to  cos(3^),  where  ^  is  measured 
about  the  three-fold  axis  with  ^=0  defining  one  of  the 
three  reflection  planes.  Reflections  through  these  planes 
change  but  not  cos(3^).  In  lowering  the  symmetry  to 
C3,  an  additional  term  must  be  added  to  the  potential 
and  this  term  does  not  remain  unchanged  with  reflections 
through  these  three  planes  but  retains  the  three-fold  ra¬ 
tional  symmetry.  The  linear  combination  (T43  +  T4_3), 
which  is  proportional  to  sin(3^),  is  such  a  term.  This  ad¬ 
ditional  term  is  the  distinction  between  the  €3.,  and  the 
C3  potentials.'^] 

We  write  the  one-electron  C3  potential  within  d  states 
in  terms  of  operators  which  span  irreducible  representa¬ 
tions  of  the  Tj  point  group.  We  find 

Vc~aAi  +  V(T2g+T2„  +  T^)+mT,,  +  T^y  +  T^,), 

(3) 

where  a,  V,  and  W  are  constants.  Analytic  expressions 
for  these  constants  can  be  derived,  for  example,  by  as¬ 
suming  a  point-ion  model.  However,  we  proceed  by  treat¬ 
ing  these  as  parameters.  We  note  that  it  is  the  last  term 
in  Eq.  (3)  which  distinguishes  this  potential  from  one  of 
Cj^  symmetry.  We  define  the  following  reduced  matrix 
elements  for  i,j  ^md  k=6,t: 

”^^2/31;'  , 

The  parameters  a,  and  a,  give  a  contribution,  in  addition 
to  that  of  the  tetrahedral  component  of  the  crystal  field, 
to  the  splitting  between  the  <3  and  e  holes.  We  therefore 
incorporate  this  additional  contribution  into  the  parame¬ 
ter  lODq.  The  parameters  v  and  v',  which  result  from  the 
+  operator,  are  defined  following  Macfar- 
lane.  The  parameter  w  results  from  the  +  T,^  +  T,^ 
operator,  and  so  does  not  appear  as  a  parameter  for  a  C}„ 
potential.  Using  these  parameters  and  Eq.  (3)  in  conjunc¬ 
tion  with  the  Wigner-Eckart  theorem,  we  have  exactly 


prescribed  the  one-hole  matrix  elements  of  a  C3  potential 
within  a  basis  of  d  holes.  The  nature  of  this  potential  is 
better  understood  if  we  make  a  change  of  basis  for  the  (3 
states  that  reflects  the  axial  nature  (Oil  )-type  direc¬ 
tions)  of  the  C3  potential.  Consider  the  basis  set  defined 
by 

r2;,  =  l/vO(r3l+f3,+/2f ) , 

/3^=  l/t/6(2t3f  — 23^  —  23,)  ,  (5) 

t3E  =  l/t/2(f2|  — t3,j)  . 

In  the  basis  set  of  d  states  (<32,  {39,  eg,  e^),  the  one- 
hole  matrix  elements  of  the  C3  potential  are 
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From  Eq.  (6),  we  readily  see  the  difference  in  how  the 
and  C3  potentials  act  within  d  states.  The  parameter  v' 
mixes  the  states  with  eg^  states  in  one  sense,  while 
the  parameter  w  mixes  these  states  in  the  opposite  sense. 

The  matrix  elements  of  the  C3  potential  taken  between 
the  many-hole  states  of  the  four  manifolds  prescribed  in 
Eq.  (2)  are  readily  determined  from  the  one-hole  matrix 
elements  given  in  the  previous  paragraph.  This  results  in 
a  10 X 10  matrix.  This  matrix  can  be  reduced  in  to  a  4X4 
block  and  a  6X6  block  through  a  change  of  basis  for  the 
orbital-triplet  manifolds  like  that  given  in  Eq.  (S).  Within 
the  basis  set  |^-42,  *T^^(*F),  the  many- 

hole  matrix  elements  of  the  full  crystal-field  interaction 
and  the  electron-electron  interaction  are 
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Within  the  basis  set  \*Tig{*F),  ♦r„(^F),  “Tje,  *Ttg(*P), 
the  many-hole  matrix  elements  of  the  crystal- 
field  and  electron-electron  interaction  are 
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The  variables  F,G,H, . . .  ,Q given  above  are  defined  by 
F  =  A,  L=l/5(3i)/2  +  2V'2u')  , 

G=2Dq,  M  =  l/5{v-2v^v’)  , 

H  =  v/6,  iV  =  l/5(-«/3  +  3v^y'/2)  , 

(9) 

I=V^v',  P  =  1/v3(V3u/2  +  V'2u')  , 

J=w/V2,  Q  =  l/v3i-v+v'/V^)  , 

K  =U)/V'l0  . 

From  Eqs.  (7)  and  (8),  we  can  show  that,  as  required  by 
symmetry,  the  C3  potential  splits  the  orbital  triplets  into 
an  orbital  singlet  and  an  orbital  doublet,  as  shown  in  Fig. 

1 1 ,  and  we  can  also  show  how  the  differences  between  the 
C3  and  C3,,  potentials  affect  the  mixing  of  the  orbital  trip¬ 
lets.  Diagonalizing  the  matrices  in  Eqs.  (7)  and  (8)  yields 
the  many-hole  energy  levels  and  eigenstates  for  the  Co'^'^ 
impurity  in  the  site  of  C3  symmetry. 

C.  Spin-orbit  interaction 

The  spin-orbit  interaction  has  the  effect  of  splitting  in 
first  order  each  of  the  orbital  doublets  into  four  Kramers 
doublets.  (Note  that  5  =  y.)  In  addition,  the  spin-orbit 
interaction  in  second  order  splits  the  orbital  singlets  into 
two  Kramers  doublets.  We  concentrate  on  the  splitting 
of  the  ^ /1 2  manifold. 

The  spin-orbit  interaction  mixes  the  ^  A  2  ground  mani¬ 
fold  with  the  *Ti  manifold.  The  many-hole  matrix  ele¬ 
ments  of  the  orbital  angular  momentum  L  taken  between 
the  states  of  these  two  manifolds  is  characterized  by 

<  72^141^2  >  =2/,  i  =  v^\  .  (10) 

This  matrix  element  is  unchanged  if  we  transform  to  the 
basis  set  for  the  *T2  manifold  defined  by  Eq.  (5)  and  per¬ 
form  a  similar  transformation  on  the  orbital  momentum 
operators.  For  example,  we  define  Lj,  by 

L’=l/'^3{L^+Ly+L,)  ,  (ID 

which  yields 

<r2jL;|A2)=2/  (12) 

and  similarly  for  T2e  and  T2e  with  and  L^,  respective¬ 
ly- 

We  neglect  for  the  moment  the  mixing  of  the  *T 2  man¬ 
ifold  with  the  other  orbital-triplet  manifolds,  but  consider 
only  the  splitting,  due  to  the  C3  symmetry  field,  of  this 
manifold  into  an  orbital  doublet,  at  an  energy  Ep  above 
the  ^/42  manifold,  and  an  orbital  singlet,  at  an  energy  Eg 
above  the  *A2  manifold.  The  spin-orbit  interaction  be¬ 
tween  the  *T2  and  *A2  manifolds  splits  the  *,^2  manifold 
into  two  Kramers  doublets.  One  doublet  is  comprised  of 
the  M,=±^  states,  the  second  of  the  =  states. 
The  second-order  energies  of  these  two  doublets  are  given 
by 

E(±^)=-3k^{3/Es+2/ED)  , 

,  (13) 

£(±|)=-X.^(l/£s-f  14/£2>)  , 


where  X  is  the  many-electron  spin-orbit  parameter.  For 
the  free  Co^"'"  ion,  X  is  approximately  — 180  cm“*.  For 
the  ion  in  a  crystalline  environment,  A.  is  somewhat  re¬ 
duced  (typically  to  0.8  of  the  free-ion  value)  from  this 
value. 

The  ground-state  fine-structure  parameter  denoted  D  is 
a  measure  of  the  splitting  between  the  two  Kramers  dou¬ 
blets  within  the  ground  *A2  manifold.  We  now  include 
the  mixing  of  the  *72  manifold  with  the  other  orbital- 
triplet  manifolds.  We  define  the  fraction  of  the  *72  wave 
function  within  the  ith  (1  =1,2,3)  orbital  doublet  to  be 
/3,,  and  the  fraction  of  the  *72  wave  function  in  the  ith 
orbital  singlet  (neglecting  the  *A2)  tobea,.  We  find  then 
that  D  is  given  by 

D  =  i[£(±|)-£(±j)] 

=4X^lift/£n-i«,/£s,  •  (14) 

1=1  '  i=l  ' 

Since  the  fine-structure  splitting  is  large  compared  with 
the  Zeeman  splitting  as  measured  here  by  UDMR,  we 
can  treat  the  two  Kramers  doublets  resulting  from  the 
*A2  manifold  independently,  with  each  doublet  being  de¬ 
scribed  by  an  effective  spin  S’  =  j.  The  effective-spin 
Hamiltonian  for  each  of  the  doublets  is 

7/,r=FBB-9-S’  .  (15) 

The  g  tensor  has  two  independent  components:  g,,  (along 
the  three-fold  axis)  and  g^  (perpendicular  to  the  three¬ 
fold  axis).  In  first  order,  the  g  values  in  the  ±|  manifold 
are  g,,  =  3g,  (g^  =  2.0023)  and  g^  =  0.  The  g  values  in  first 
order  in  the  ±  j  manifold  are  g,,  =g,  and  g^  =  2g<. 

Departures  of  the  experimental  g  values  from  these 
theoretical  values  within  the  Afj=±.j  manifold  are  ex¬ 
plained  using  the  usual  second-order  corrections  involv¬ 
ing  the  spin-orbit  interaction  and  the  orbital  Zeeman  in¬ 
teraction.  As  with  the  fine-structure  splitting,  the  mixing 
with  excited  states  involves  the  states  of  the  *72  mani¬ 
fold.  We  find  that 

g||=8e-8^  2  * 

1=1  ’ 

3 

gi=2  g,-8A.  2^  Ad,  • 

1  =  1  ' 

The  results  in  Eq.  (16)  have  a  similar  form  to  those  in  Eq. 
(14).  Indeed,  we  can  relate  the  g  values  to  the  fine- 
structure  parameter  by 

gi/2-g#  =  -2D/A.  .  (17) 

V.  ANALYSIS  OF  RESULTS  AND  DISCUSSION 

We  now  proceed  with  the  analysis  of  our  experimental 
data  in  light  of  the  theory  developed  in  the  previous  sec¬ 
tion  and  of  the  assignments  made  for  the  observed  optical 
transitions  in  Sec.  III.  We  noted  that  both  absorption 
transitions  in  Fig.  4  show  a  splitting  into  two  bands;  this 
splitting  is  due  to  the  C3  crystal  field  present  at  the  Co^'*' 
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site.  The  additional  band  with  a  peak  at  18  200  cin~'  in 
Fig.  4  is  most  likely  due  to  higher-lying  levels  arising 
from  the  free-ion  level  as  shown  in  the  energy-lying  di¬ 
agram  in  Fig.  4.'^  Values  for  A  and  lODq  can  be  estimat¬ 
ed  by  fitting  the  average  energies  of  the  *A2(*F) 
and  transition.  The  exper¬ 

imental  positions  we  choose  for  the  fitting  process  are  at 
6300,  7210  cm~'  for  the  * A2{*F)-**T^{*F)  transition 
and  15400,  16600  cm“'  for  the  * A2i*F)—**Ti{*P)  tran¬ 
sition.  Choosing  these  positions  is  somewhat  difii^ult  due 
to  the  presence  of  much  vibrational  structure  in  these 
spectra.  Values  for  v,  u',  and  w  are  then  chosen  and  the 
matrices  in  F.qs.  (7)  and  (8)  are  diagonalized  iteratively 
until  a  good  fit  to  the  experimental  positions  is  found. 
The  following  values  are  found  from  our  analysis; 

A= -t- 10781  cm~*,  u  = -1-1362  cm^*  , 

lODq  = -1-3770  cm“',  u'=-10cm~',  (18) 

w  =±20  cm“'  . 

These  values  give  an  excellent  fit  to  the  experimental  po¬ 
sitions.  Hund’s  rule  requires  that  the  ground  state  be  the 
*F  term;  so  we  require  A  to  be  positive.  The  strong 
tetrahedral  component  of  the  crystal  field,  coming  pri¬ 
marily  from  the  four  nearest-neighbor  oxygen  ions,  deter¬ 
mines  the  sign  of  lODq.  These  oxygen  ions  are  negatively 
charged.  The  lobes  of  the  t2-symmetry  hole  orbitals  are 
closer  to  the  oxygen  ions  than  the  lobes  of  the  e- 
symmetry  hole  orbitals.  Hence,  the  f^-symmetry  holes 
are  lower  in  energy  than  the  e-symmetry  holes,  making 
lODq  positive.  Setting  the  signs  of  these  parameters  we 
find  that  the  signs  of  v  and  v’  are  determined  to  be  posi¬ 
tive  and  negative,  respectively.  The  fit  to  the  data  is  in¬ 
sensitive  to  the  sign  of  w.  This  fitting  procedure  suggests 
that,  for  each  orbital  triplet,  the  doublet  is  shifted  down 
in  energy  and  the  singlet  shifted  up  in  energy  by  the  C3 
crystal  field. 

The  positive  sign  of  v  is  physically  reasonable.  In  an 
ionic  model,  the  gallium  ions  possess  a  ±3e  charge  and 
the  lithium  ions  a  ±  le  charge.  Hence,  the  perturbation 
potential  resulting  from  the  lithium  ions  is  that  of  three 
negatively  charged  ions  in  a  C3  symmetry  configuration. 
The  lobes  of  the  (21  hole  orbital  lie  in  a  plane  perpendicu¬ 
lar  to  the  C3  symmetry  axis  and  the  lobes  of  the  <20  ^nd 
t2t  hole  orbitals,  are  therefore  closer  to  the  lithium  ions. 
Hence,  these  latter  two  orbitals  have  a  lower  energy  than 
the  t2z  orbital.  Equation  (6)  therefore  implies  that  v  is 
positive. 

The  signs  of  v'  and  ui  are  much  harder  to  explain  in 
physical  terms.  We  note,  however,  that,  in  the  point-ion 
model  for  this  defect,  v'  is  predicted  to  have  a  sign  oppo¬ 
site  to  that  of  V,  and  u>  is  predicted  to  have  the  same  sign 
as  V.  We  recall  that  the  sign  of  w  is  not  determined  in  our 
fit.  In  any  event,  both  v'  and  w  are  found  to  be  small  in 
our  case. 

An  interesting  feature  of  this  Co^**^  system  is  the  sharp 
dip  observed  at  566  nm  in  the  absorption  spectrum  in 
Fig.  7(a)  and  in  the  MCD  signal  of  Fig.  7(b).  We  believe 
that  the  dip  is  due  to  Fano  antiresonance  effect  such  as 
has  been  observed  in  KMgF3:V^'^  and  in  Cr^'*'  doped 


glasses. Consulting  the  Tanabe-Sugano  diagram  for  a 
d’  ion  in  tetrahedral  symmetry,’’  we  find  that  there  are  a 
number  of  levels  originating  on  the  free-ion  ’G  level 
which  are  expected  to  lie  in  this  general  spectral  region. 
We  are  unable  to  make  any  definitive  electronic  assign¬ 
ment  for  the  antiresonaiice  feature. 

The  width  of  the  zero-phonon  1 5  1 57-cm  ~ '  line  of  the 
*Ti{*P)  level  in  luminescence  is  24  cm“’  (full  width  at 
half  maximum)  at  15  K.  A  series  of  nonresonant  fluores¬ 
cence  line  narrowing  (FLN)  experiments  were  performed 
in  order  to  investigate  structure  hidden  within  this  large 
inhomogeneous  profile.  The  detailed  results  of  this  inves¬ 
tigation  have  been  published  elsewhere.’*’  From  these 
FLN  measurements,  the  ground-state  splitting  due  to  a 
combination  of  the  C3  crystal  field  and  spin-orbit  cou¬ 
pling  is  19.5  cm“',  from  which  we  obtain  D  =9.75  cm~'. 

The  optical  spectra  in  Figs.  4-8  show  a  considerable 
number  of  sharp-line  features.  As  indicated  above,  each 
of  the  crystal-field  levels  is  further  split  by  spin-orbit  cou¬ 
pling,  the  doublet  into  four  components  and  the  singlet 
into  two  components.  As  a  result  the 
absorption  spectrum  in  Fig.  4  should  contain  six  electron¬ 
ic  components  among  a  large  number  of  vibrational  side¬ 
band  features.  It  is  difficult  to  identify  transitions  to 
these  electronic  levels  in  the  absorption  spectra  shown  in 
Fig.  4  which  were  taken  at  85  K.  However,  in  the  excita- 
tio;i  spectrum  of  the  ^T,(^P)— ►'*/42(^F)  luminescence 
transition  shown  in  Fig.  6(a),  recorded  at  15  K  under 
much  higher  resolution,  the  features  labeled  x,y,z  are 
clearly  electronic  as  they  are  not  observed  in  the  corre¬ 
sponding  luminescence  spectrum.  We  tentatively  identify 
the  line  at  15  157  cm~'  and  the  features  at  46,  63,  and 
277  cm“'  above  15  157  cm“'  as  the  spin-orbit  split  com¬ 
ponents  of  the  orbital  doublet  level  coming  from  *Ti{*P). 
The  possible  presence  of  levels  arising  from  the  ’G  free- 
ion  level  in  this  spectral  region  is  a  complicating  factor 
making  our  identification  rather  tentative.  The 
*A2l*F)—**T^{*F)  transition  in  Figs.  4  and  8  is  particu¬ 
larly  rich  is  spectral  features  making  identification  of  the 
six  expected  electronic  components  very  difficult.  Never¬ 
theless,  we  can  reasonably  assign  the  lines  at  6060  and 
7140  c.n”'  to  electronic  transitions. 

The  very  fast  radiative  decay  time  of  the  luminescence 
transitions  at  low  temperature  indicates  that  these  transi¬ 
tions  have  a  strong  electric  dipole  character  and,  conse¬ 
quently,  have  a  large  oscillator  strength.  Tliis  comes 
about  because,  in  the  tetrahedral  site  (in  which  the  site 
symmetry  is  C3),  in  LiGa50g  the  odd-parity  crystal  field 
mixes  the  3d  states  of  Co’'*'  with  higher-energy  states  of 
opposite  parity,  and  this  mixing  is  responsible  for  the 
electric-dipole  character  of  this  transition.  The  lack  of 
discernible  change  in  the  lifetime  up  to  room  temperature 
indicates  the  absence  of  a  competing  nonradiative  decay 
process  for  this  level  and  strongly  suggests  that  the 
luminescence  process  is  very  efficient.  The  room- 
temperature  luminescence  spectrum  in  Fig.  5  shows  three 
broadbands  which  have  high  luminescence  efficiency.  In 
contrast  to  both  ZnO:Co’”  (Ref.  21)  and  ZnAl204:Co’‘*^ 
(Ref.  II),  the  luminescence  bands  in  Fig.  5  originate  on 
the  *r|(V)  level  rather  than  the  level.  From  the 
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Tanabe-Sugano  diagram'^  we  find  that  luminescence 
transitions  originating  on  the  *T^(*P)  are  very  broad  due 
to  the  sensitivity  of  the  *T^{*P)  level  to  the  crystal-field 
environment.  Luminescence  transitions  from  the  level 
consist  of  sharp  lines  due  to  its  insensitivity  to  the  crystal 
field.  The  three  luminescence  transitions  observed  in 
LiGasO-  Co"'*'  are  also  spin  allowed,  which  contributes 
to  their  large  oscillator  strength.  The  combination  of 
broad  luminescence  transitions  coupled  with  a  large  oscil¬ 
lator  strength  makes  LiGa30g:Co^''’  an  ideal  candidate 
for  a  tunable  solid-state  laser  in  the  visible  and  near  in¬ 
frared. 

The  “positive”  ODMR  lines  in  Figs.  9  and  10  are  an 
interesting  feature  of  these  samples.  We  would  intuitive¬ 
ly  feel  that  the  ODMR  transition  should  equalize  the 
populations  of  the  ground-state  levels  as  illustrated  in 
Fig.  3  and  thereby  cause  a  reduction  of  the  MCD  signals 
in  Fig.  9.  Along  the  [100]  direction  the  four  Co^'*'  sites  in 
the  unit  ceil  all  make  the  same  angle  with  the  applied 
magnetic  field  B.  We  therefore  see  only  a  single  ODMR 
transition  as  in  Fig.  9(a).  When  the  applied  magnetic 
field  is  along  the  [111]  direction,  the  four  <lll)-type 
centers  are  no  longer  equivalent;  the  center  aligned  along 
the  magnetic  field  is  distinguished  from  the  other  three. 
In  this  case  we  expect  to  see  two  ODMR  transitions  as 
observed  in  Fig.  9(b).  The  low-field  ODMR  transition 
shows  a  reduction  in  the  MCD  signal  as  expected.  On 
the  other  hand,  the  high-field  ODMR  transition  appears 
to  show  an  increase  in  the  total  MCD  signal.  The  total 
MCD  signal  observed  is  a  combination  of  the  parallel 
MCD  signal  and  the  MCD  signals  from  the  other  three 
centers.  The  MCD  signal  for  the  parallel  center  must 
therefore  be  opposite  in  sign  to  that  from  the  other 
centers.  For  the  example  shown  in  Fig.  3,  this  would 
mean  that  the  Zeeman  splitting  of  the  ground  or  excited 
states  for  the  parallel  center  is  opposite  to  that  for  the 
other  three  centers.  We  find  that,  as  the  magnetic  field  is 
rotated  away  from  the  [111]  direction,  the  intensity  of  the 
“positive”  ODMR  lines  weakens  (Fig.  10)  and  eventually 
the  ODMR  lines  become  negative.  This  result  is  a  fur¬ 
ther  demonstration  that  the  site  occupied  by  the  Co^'*' 
ion  has  an  axis  of  symmetry  along  {111  )-type  directions. 
Along  the  [111]  direction  the  coupling  between  the  Kra¬ 
mers  doublets  participating  in  the  MCD  signal  with  all 
the  other  Kramers  doublets  within  the  shell  is  at  a 
minimum.  Rotating  the  magnetic  field  B  away  from 
[111]  results  in  an  admixture  into  the  ground  and  excited 
states  which  eventually  leads  to  a  reversal  of  the  Zeeman 
splitting  as  the  magnetic  field  approaches  the  [100]  and 
[Oil]  direction^  Jig  10).  This  effect  was  also  observed 
by  Ahlers  el  al.^^  for  the  Tl®(i)  center  in  KCI.  While 
this  give  a  qualitaJ  e  explau^’tira  for  the  observed  effect, 
the  microscopic  origin  for  this  reversal  of  the  Zeeman 
splitting  has  not  been  determined. 

The  ODMR  line  positions  in  Fig.  10  can  be  fitted  to 
the  spin  Hamiltonian  in  Eq.  (IS)  wi^h  the  two  indepen¬ 
dent  g  values,  g||  =2.215,  gi  =4. 628.  The  fit  to  the  exper¬ 
imental  data  is  shown  as  the  solid  lines  in  Ftg.  10.  These 
g  values  indicate  that  the  observed  ODMR  transitions  are 
within  the  ±|  levels  of  the  ground  state  and  so  the  sign 


of  the  fine-structure  parameter  D  is  positive  from  Eq. 
(14).  As  gi/2>g||,  we  are  again  led  to  the  conclusion 
from  Eq.  (16)  that  the  orbital  doublets  arising  from  the 
orbital  triplet  manifolds  are  lower  in  energy  than  the  or¬ 
bital  singlets.  At  the  low  temperatures  of  the  MCD- 
ODMR  experiments  the  population  of  the  ±|  levels  L 
very  small  and  so  no  signals  were  observed  in  this  dou¬ 
blet.  From  Eq.  (17)  we  estimate  the  spin-orbit  constant  to 
be  A.=  — 193  cm“*.  We  can  also  estimate  X.  from  Eq. 
(14).  In  doing  this  we  use  the  theoretical  estimate  for  the 
positions  of  the  *T2  doublet  and  singlet  split  levek  and  in 
this  case  we  find  X=  — 190  cm"'.  Both  values  are  quite 
similar  but  somewhat  surprising  as  we  would  normally 
expect  to  see  a  reduction  in  X  from  the  free-ion  case. 

Both  the  ODMR  and  the  optical  zero-phonon 
linewidths  are  quite  broad.  The  ODMR  linewidth  is  20 
mT  and  exhibits  no  resolved  hyperfine  structure  associat¬ 
ed  with  the  ’’Co  nucleus  (100%  abundant)  which  has  a 
nuclear  spin  of  /  =  y.  We  noted  earlier  that  the  inhomo¬ 
geneous  optical  zero-phonon  transition  linewidth  is  24 
cm~ '  so  that  the  large  ground-state  splitting  could  not  be 
resolved.  The  Co^'*'  ion  substitutes  for  Ga^"*^  in  the  lat¬ 
tice  and  some  charge  compensation  is  thus  required  to 
maintain  charge  neutrality.  Both  of  these  broad 
linewidths  are  probably  due  to  a  distribution  of  positions 
for  the  vharge  compensating  ions  which  would  result  in  a 
distribution  of  strains  at  the  sites  of  the  substitutional 
Co^'*'  ions  in  the  LiGasOj  lattice.  At  present  we  do  not 
know  what  species  is  providing  the  charge  compensation 
for  the  Co^"*^.  It  is  interesting  to  note  that  the  behavior 
shown  in  Fig.  10  is  consistent  with  the  C3  symmetry  de¬ 
duced  from  the  crystal  structure,  and  this  Vould  imply 
that  either  the  charge  compensating  ion  is  far  away  from 
the  Co^^  ion  or  located  along  a  ( 1 1 1  )-type  direction. 

VI.  CONCLUSIONS 

The  optical  spectra  of  Co^'*'  in  LiGa50g  provide  clear 
evidence  that  the  Co‘^  ions  substitute  for  tetrahedrally 
coordinated  Ga^'''  ions  in  this  lattice  and  therefore  occu¬ 
py  sites  of  C3  symmetry,  as  illustrated  in  Fig.  2.  We  have 
presented  a  detailed  crystal-field  model  for  the  ion 
in  this  site,  and  we  have  deduced  the  crystal-field  parame¬ 
ters.  Strong  luminescence  with  a  lifetime  of  200  ns  is  ob¬ 
served  to  three  lower  levels  from  the  *T^(*P)  level.  In  a 
previous  publication  this  system  was  suggested  as  a  possi¬ 
ble  candidate  as  a  visible-infrared  laser  system.’  Further 
experiments  to  look  at  excited-state  absorption  effects 
would  have  to  be  undertaken  to  determine  the  potential 
of  LiGajOgrCo^''^  as  a  laser  system.  Within  the  accuracy 
of  the  ODMR  experiment,  the  site  symmetry  of  the  Co^'*' 
ion  is  C3,  suggesting  that  charge  compensating  ions  are 
either  far  removed  from  the  Co^'*^  or  are  along  the  C3 
axis. 
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Luminescence  from  centres  in  forsterite  (Mg2Si04) 

T.J.  Glynn,  G.F.  Imbusch  and  G.  Walker' 

Department  of  Physics,  University  College,  Galway,  Ireland 

Laser  action,  tunable  around  1.2  p.m,  has  been  reported  in  Cr-activated  forsterite  (Mg2Si04).  We  have  examined  the 
emission  from  this  material  in  the  region  bSO-SSO  nm  via  photoluminescence,  excitation  and  lifetime  studies  over  a  range  of 
temperature.  Our  measurements  indicate  chat  the  emission  in  this  region  can  be  assigned  to  transitions  on  Cr^^  ions  in 
high-held  octahedral  sites.  The  emission  from  the  Ml  site  is  clearly  identified.  We  propose  a  simple  model  to  account  for 
the  temperature  dependence  of  the  luminescence. 


1.  Introduction  2.  Experimental  results 

When  doped  with  chromium  ions,  forsterite 
(Mg2Si04)  has  been  shown  to  support  laser  action 
over  a  limited  spectral  range  around  1.2  iim  [1-4]. 

However,  although  several  studies  have  concen¬ 
trated  on  this  system,  there  is  still  some  doubt 
about  the  Cr  valence  state  responsible  for  the  lasing 
transition  and  about  the  exact  nature  of  the  par¬ 
ticular  sites  occupied  by  these  Cr  ions.  Forsterite 
has  an  orthorhombic  crystal  stnicture  with  two 
inequivalent  octahedral  sites  occupied  by  Mg^^ 
ions,  one  with  inversion  symmetry  (Ml)  and  one 
with  mirror  symmetry  (M2).  Although  the  initial 
report  ascribed  the  lasing  band  at  room  tem¬ 
perature  to  the  *Tj  -»  *A2  transition  on  Cr"*  ions  in 
such  sites  [  1  ],  more  recent  investigations  [3,4]  have 
assigned  the  lasing  emission  to  transitions  on  Cr** 
ions  in  tetrahedral  sites  (replacing  the  Si  ions).  The 
complete  luminescence  spectrum  of  Cr-doped  for¬ 
sterite  is  shown  in  fig.  1  and  consists  of  many 
overlapping  bands,  which  extend  from  6S0  nm  to 
beyond  1.4  |xm,  and  the  relative  intensities  of  these 
bands  vary  with  the  wavelength  and  polarization 
of  the  excitation  source.  In  this  investigation,  we 
have  concentrated  on  the  emission  in  the  region 
650-850  nm  which  we  ascribe  to  Cr’*  centres  in 
distorted  octahedral  sites. 
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Oriented  samples  of  Cr-doped  fosterite,  Czoch- 
ralski-grown  and  ccr'*a:''.'rt;  (A)  0.013%,  (B) 
0.027%  and  (C)  0.08'c.  r  b;  v"  ght,  were  used  in 
our  studies.  Previous  f  f’k  .  -urementsby  Rager 
[5]  on  sample  (A)  showed  clearly  the  presence  of 
Cr’*  ions  in  Ml  and  M2sitesin  the  ratio  Ml ;  M2~ 
3:2.  The  ground-state  splitting,  obtained  from  the 
EPR  data,  was  2.2  cm’’  in  Ml  and  1.4cm''  in  M2. 


600  1000  1400 

Wavelength  |nm) 


Fig.  I .  The  low-temperature  emission  from  Mg^SiO.  ( forsterite) 
doped  with  chromium  excited  by  an  argon-ion  laser  (all  lines). 
The  sharp  features  around  700  nm  are  shown  at  higher  resolu¬ 
tion.  These  spectra  arc  not  corrected  for  the  response  of  the 
germanium  diode  detector. 
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The  low  temperature  luminescence  spectrum 
around  700  nm  for  sample  (B)  is  shown  in  the  inset 
in  fig.  1  and  for  samples  (B)  and  (C),  at  higher 
resolution,  in  fig.  2.  It  consists  of  a  sharp  electronic 
transition  at  about  14  437  cm'*  and  an  associated 
phonon  sideband.  Based  on  the  splitting  of 
2.2  cm"'  observed  in  this  line  at  low  temperature, 
it  is  assigned  to  the  R,-line  transition  from  the 
lowest  "E  level  to  the  '‘Aj  ground  state  of  the  Cr^^ 
ion  in  the  Ml  site.  Additional  sharp  lines  at  14  295 
and  13  967  cm“‘  (indicated  by  Ml'  and  Ml")  show 
splittings  of  2.15  and  1.8  cm"',  respectively,  and 
may  be  due  to  emission  from  Ml  sites  perturbed 
by  neighbouring  charge-compensating  vacancies. 
Some  additional  satellite  features  on  the  Ml  line 
may  have  a  similar  origin.  These  satellite  lines  are 
more  clearly  evident  in  the  spectrum  of  the  (C) 
sample  (0.08%  Cr)  shown  in  fig.  2  and  an  addi¬ 
tional  band  appears  in  this  sample  at  about 
12900cm''  (775  nm),  which  may  be  due  to 
different  Cr*^  centres  for  which  the  ‘'Tj  level  lies 
lowest  at  low  temperature  (i.e.  low-field  sites). 
Even  at  low  doping,  additional  broad  bands  are 
observed  at  about  850  and  1050  nm  (fig.  1)  whose 
origin  is  also  uncertain.  The  relative  intensities  of 


ENERGY 

Fig.  2.  The  luminescence  Trom  centres  in  forsterite  samples 
(B)  and  (C)  (see  text).  An  argon  ion  laser  (all  lines)  was  used 
for  excitation.  The  photomultiplier  response  was  S20. 


all  the  features  depend  on  the  excitation  wave¬ 
length  and  polarisation,  and  on  the  Cr  doping  level. 

The  Ml  site  has  inversion  symmetry,  and  the 
measured  lifetime  at  low  temperature  of  the  Ri 
line  is  8.8  ms,  consistent  with  a  magnetic  dipole 
transition  in  the  R|  line  and  a  vibronic  process  -  an 
electric  dipole  transition  induced  by  odd-parity 
vibrations  -  in  the  sidebands.  We  expect  the 
vibronic  sideband  process  to  dominate  the  Ml 
emission  at  low  temperatures.  Assuming  that  the 
Ml'  and  Ml"  sites  do  not  have  inversion  symmetry, 
both  their  R,  lines  and  sidebands  should  be  electric 
dipole  processes,  and  the  R,  to  sideband  ratio 
should  be  much  larger  for  these  centres  than  for 
the  Ml  sites  [6].  Tlie  sideband  shown  in  fig.  2  is 
therefore  due  mainly  to  emission  from  Ml  sites. 
From  the  variation  with  temperature  of  the 
luminescence  spectrum  (fig.  3),  and  from  excita¬ 
tion  studies,  the  R,-R2  separation  of  the  Ml  and 
Ml'  centres  were  measured  to  be  196  and  265  cm"', 
respectively.  The  R2  line  from  the  Ml"  centre  could 
not  be  located  with  certainty.  The  splittings  of  both 
the  ^E  and  ^A2  levels  of  Cr’*  ions  in  Ml  and  Ml' 
sites  are  unusually  large  and  indicate  significant 
distortion  of  the  octahedral  environment  of  these 
sites. 

The  energy  level  structure  for  the  Cr^"'^  ions  in 
forsterite  is  similar  to  that  in  alexandrite  [7]  and, 
as  the  temperature  is  increased,  the  higher-lying 
^2  level  becomes  populated  and  emission  from 
this  level  dominates  the  spectrum  at  room  tem¬ 
perature  (fig.  3).  Since  the  transition  from  the  '*T2 
level  is  spin-allowed,  it  will  have  a  higher  oscillator 
strength  and  the  overall  lifetime  will  decrease.  The 
variation  of  the  lifetime  of  the  principal  emission 
lines  with  temperature  is  shown  in  fig.  4.  The 
lifetime  of  the  Ml  line  varies  from  8.8  ms  at  low 
temperature  to  340  p.s  at  room  temperature. 
Assuming  that  non-radiative  relaxation  does  not 
occur,  and  ignoring  the  splittings  in  the  ^E  and  ^2 
levels,  the  variation  of  the  lifetime  t  with  tem¬ 
perature  is  given  by  [7] 

I  A  +  3fyCXp(-A/kT) 

r  l+3exp(-d/Jkr)  ’  ' 

where /f  ,  are  the  radiative  rates  from  the  'E  and 
^2  levels,  >espectively,  and  A  is  the  energy  separa¬ 
tion  between  and  *T2.  A  value  of  114  s"'  is 
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Fig.  3.  The  luminescence  from  Cr^’'  centres  in  sample  (B)  (0.027%  Cr)  at  various  temperatures.  The  dotted  lines  indicate  the  assumed 
separation  of  the  broad  band  and  sharp-line  features  in  the  emission. 


Fig.  4.  The  variation  of  the  lifetime  with  temperature  for  the 
principal  features  in  the  luminescence  spectrum.  The  solid  curve 
is  a  plot  of  eq.  (I )  using  the  parameters  shown  in  the  figure. 


obtained  for  /e  from  the  low  temperature  lifetime. 
The  ratio  of  the  intensities  la  in  the  broad  band 
(■^2 -» *^2)  and  h  in  the  sharp  ( M 1 )  line  (^E  ^  * A2) 
should  vary  with  temperature  approximately  as  [8] 

/B//s°c3(/T//E)exp(-d/kT),  (2) 

and  so  a  plot  of  ln(/B//s)  versus  l/T  should  give 
a  straight  line  with  slope  A.  The  ratio  la/  Is  was 
calculated  as  a  function  of  temperature  from  the 
spectra  in  fig.  3  by  inferring  the  relative  contribu¬ 
tions  from  and  from  the  shape  of  the  total 
luminescence  spectrum  (indicated  by  dotted  lines 
in  fig.  3).  When  fitted  to  eq.  (2)  a  value  of  420  cm"' 
was  indicated  for  A  Using  this  value  as  a  guide, 
the  parameters  in  eq.  (1 )  were  varied  until  a  best 
fit  to  the  data  in  fig.  4  was  obtained.  The  calculated 
variation  is  shown  as  the  solid  line  in  fig.  4,  with 
the  parameter  values  shown  in  the  figure.  In  spite 
of  the  crudeness  of  the  model,  the  agreement  is 
excellent.  (There  is  a  similar  decrease  in  the  life¬ 
time  of  the  Ml'  and  Ml”  centres,  indicating  in 
these  cases  also  the  presence  of  an  adjacent  ^Tj 
state.)  At  the  concentration  of  Cr  in  sample  (B), 
there  is  no  evidence  for  any  energy  transfer  from 
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ions  to  the  lasing  centre  which  emits  at  1.2  fi.m, 
which  was  suggested  by  other  workers  [2],  or  for 
any  non-radiative  component  in  the  emission  from 
these  ions  up  to  room  temperature.  The  above 
analysis  suggests  that  the  radiative  quantum 
efficiency  of  the  system  is  high  and  the  energy-level 
structure  and  lifetimes  make  it  a  suitable  candidate 
for  tunable  operation  in  the  near  IR.  However, 
Cr-doped  forsterite  contains  many  complex 
centres  [9]  and,  at  low  doping  levels,  the  centre 
responsible  for  laser  action  at  longer  wavelengths 
seems  to  be  dominant.  This  centre  absorbs 
throughout  the  visible  and  near  IR  and  appears  to 
prevent  lasing  on  the  Cr^^  centres  described  above. 

3.  Conclusion 

The  nature  of  the  lasing  centre  in  forsteriterCr 
is  still  not  established  with  certainty  and  much 
work  remains  to  be  done  in  unravelling  the  many 
complex  centres  in  this  material.  We  have  concen¬ 
trated  on  identifying  the  emission  from  Cr'^  ions 
in  various  sites  so  that  their  role  in  the  lumines¬ 
cence  of  the  forsterite  system  can  be  clearly  estab¬ 
lished. 
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Ahatract.  There  has  been  considerable  recent  effort  aimed  at  realising  tunable 
near-infrared  laser  action  in  solid-state  media.  Beyond  1  jim  Ni^'^  and  Co^'^ 
emiaaiona  have  been  mainly  studied,  and  laser  action  has  been  achieved  in  several 
materials  doped  with  these  ions  aldtough  usually  only  at  low  temperatures. 
Luminescence  from  Co^*  and  Ni^'*'  in  the  host  material  LiGa50g  is  described 
and  evidence  is  presented  for  a  high  quantum  efficiency,  even  up  to  room 
eemperature.  We  describe  also  d>e  results  of  our  lifetime  ami  luminescence 
measurements  on  the  various  active  centres  in  the  MgiSiO^ :  Cr  Isaer  system. 


1.  Introduction 

Renewed  activity  in  development  of  solid-state  lasers  operating  in  the  0*7-2-0  jun 
region  of  the  spectrum  has  been  stimulated  by  the  achievement  of  laser  action  in 
alexandrite  (BeAljO^ ;  Cr^*),  the  first  tunable  solid-state  laser  to  operate  at  room 
temperature  [1].  The  success  of  this  system,  tunable  from  700  to  800  nm,  has  led  to  a 
revival  of  research  on  such  phononrterminated  solid-state  lasers  [2, 3].  Efforts  to 
extend  the  range  covered  directly  by  primary  tunable  laser  systems  further  into  the 
i.r.  are  driven  by  specific  needs  for  such  systems,  for  example,  semiconductor 
characterisation,  remote  sensing,  integrated  optica,  communications  and  medical 
applicationa. 

Much  work  has  been  concentrated  on  Co^'*'  and  Ni^'*’-doped  materials  as 
potential  laser  media,  and  indeed  laser  action  has  been  achieved  in  the  range  1*15- 
1'8  pm  for  systems  baaed  on  Ni**  [4]  and  in  the  range  l’5-2-4|un  for  systems  based 
on  Co^  [5].  With  one  exception,  these  lasers  operate  only  at  low  temperature  and 
extension  to  room  temperature  has  been  inhibited  by  luminescence  quenching  (due 
to  non-radiative  effects)  and  by  excited  state  absorption  (ESA)  [4].  Thus  die  search 
for  more  efficient  laser  materiaJs  for  the  near  i.r.  region  will  entail  the  investigation  of 
new  host  materials,  the  elucidation  of  the  non-radiadve  processes  and  accurate 
spectroscopic  analyses  to  identify  the  levels  and  transitions  responsible  for  ESA.  In 
this  paper,  we  give  details  of  the  spectroscopic  properties  of  LiGajOi :  Co^'*'  and 
LiGa50(:Ni^^  which  are  potential  nmable  laser  media  for  room-temperature 
operation  in  the  near  i.r.  We  will  also  present  preliminary  measurements  on  Ae  latest 
chromium-doped  laser  system,  Mg2Si04 :  Cr. 
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Figure  1 .  (a)  The  abeorption  tpectnun,  and  (*)  the  lumineacence  apectniin  of  LiGa,0, :  Ni*  ^  at  100  K  and  290  K  respectively.  The  energy  level 

structure  for  the  Ni*'*'  ion  in  LiGsjOi  is  also  shown. 


'O*  recorded  at  24  K  and  300  K.  The  energy  level  structure  of  theCo^  ion  ina  tetral 
tile  in  this  material  u  aUo  shown. 


Ill 
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2.  Experimental  results 

2.1.  LiGoiOa-  Ni^* 

The  spectroscopy  of  the  Ni^'^  ion  incorporated  as  an  impurity  in  various  host 
materials  has  been  well  studied  [4,6].  Investigations  of  Ni^*^  in  MgO,  MgFj, 
KMgF3,  [6]  and  in  fluorozirconate  glass  [7]  show  that  luminescence  in  the  visible 
(green  and  red)  and  infrared  is  observed  from  the  Ni^'*'  ions  in  these  materials. 
Referring  to  the  schematic  energy-level  diagram  shown  in  figure  1 ,  which  is  typical 
of  the  Ni^'*'  ion  in  oxide  crystals,  the  strongest  absorption  transitions  in  the  Ni^'*'  ion 
are  ^TiCP)*-^A2  (blue),  (red)  and  ^Ti*-^A2  in  the  near 

infrared.  The  visible  emission  originates  in  transitions  from  ‘  Tj  to  two  lower  levels 
("7-3,  ^.^2)  infrared  emission  is  from  the  lowest  excited  state  (^7*2)  to  the 

ground  state  ^A2-  In  all  these  materials  the  fluorescence  lifetime  and  quantum 
efficiency  fall  off  rapidly  with  increasing  temperature.  This  has  been  ascribed  to  an 
increase  in  the  non-radiative  relaxation  rate,  due  to  multiphonon  relaxation  from  the 
emitting  state,  which  competes  with  the  radiative  decay  process.  In  contrast  to  this 
trend,  there  is  only  one  luminescence  transition  in  Ni^'^-doped  LiGa50g,  a  spinel- 
type  crystal  in  which  Ni^'*'  replaces  Ga^'*'  on  octahedral  sites  [8].  This  is  the 
^T2-*^A2  transition  indicated  in  figure  1,  which  consists  of  a  broad  band  centred 
at  1*3  pm.  Furthermore,  the  lifetime  of  the  Ni^'*'  luminescence  remains  effectively 
constant  from  15  K  to  above  room  temperature,  with  a  decay  time  of  650  pa.  As  the 
temperature  is  raised  above  about  350  K  we  observe  a  decrease  in  the  intensity  and 
corresponding  decrease  in  lifetime.  The  theoretical  formula  for  the  non-radiative 
decay  rate,  baaed  on  the  single-configurational-coordinate  model,  provides  a 
quantitatively  correct  explanation  for  the  temperature  variation  of  the  lifetime  [8] 
and  is  strong  evidence  of  a  high  luminescence  quantum  efficiency.  This  material  is,  to 
our  knowledge,  unique  in  that  (1)  all  the  emission  occurs  in  the  near  infrared,  and  (2) 
the  emission  has  a  high  quantum  efficiency  at  room  temperature.  Our  samples  were 
flux-grown,  showed  non-uniform  green  colouration,  and  were  of  poor  optical 
quality.  With  good  quality  samples,  tunable  laser  operation  in  the  region  of  1*3  pm 
should  be  possible. 

2.2.  LiGajOt.Co^* 

Whereas  the  Ni^*^  ion  has  a  strong  preference  for  octahedral  coordination,  the 
Co^*  ion  has  been  studied  in  both  octahedral  and  tetrahedral  coordination  [9, 10]. 
For  a  Co^  ion  (d^)  in  octahedral  coordination,  the  fluorescence  is  usually  frm  the 
lowest  excited  state  (^2)  ground  state  (*Ti)  [9].  At  low  temperatures,  this 
emission  is  strong  and  provides  the  basis  for  low-temperature  laser  action  in  several 
Co^ '''-doped  materials,  for  example,  MgF2.  As  in  the  case  of  Ni^''',  however,  the 
intensity  falls  off  drastically  with  increasing  temperature.  In  tetrahedral  sites  [10]  (as 
in  ZnO,  ZnAl204)  non-radiative  relaxation  among  excited  states  is  again  sufficiently 
rapid  to  make  the  transidon  from  the  lowest  excited  state,  *T2,  to  the  ground  state, 
*A2,  the  most  likely  emission  process.  In  tetrahedral  symmetry,  this  transition  is 
forbidden  by  electric  dipole  radiation.  Again,  our  recent  studies  have  shown  that  the 
material  LiGasOj  doped  with  Co^''’  is  unusual  in  that  emission  occurs  in  three 
distinct  transitions  from  a  higher  crystal  field  level  in  this  material.  The  emission  in 
two  of  these  bands  has  been  briefly  deacribeu  previously  [11].  The  complete 
luminescence  spectrum,  recorded  using  a  germanium  detector,  extends  from  650  ran 
to  beyond  1 500  ran  and  is  shown  in  figure  2.  Referring  to  the  schematic  energy-level 
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diagram  in  figure  2,  the  crystal  field  in  most  -doped  systems  with  tetrahedral 
coordination  is  such  that  the  level  lies  lower  than  the  ^ i  f*?)  level.  However,  in 

LiGasOg :  Co^*  the  *Ti  (*P)  level  lies  below  *E  and  the  spin-allowed  transitions 
n’i(*P)-*‘^,(^F).  and  n',(*P)-*Aj(*F)  can  compete  success¬ 
fully  with  die  non-radiadve  relaxation  processes  from  this  level.  At  room  tempera¬ 
ture,  the  peak  wavelengths  for  the  three  fluorescence  signals  are  respectively  685  nm, 
950  nm  and  1'25  |un.  The  low-temperature  lifetime  of  the  luminescence  is  approxi¬ 
mately  200  ns,  a  very  fast  lifetime  for  a  transitkai  metal  ion,  and  is  a  consequence  of 
the  lack  of  inversion  symmetry  in  the  tetrahedral  site.  It  remains  relatively  constant 
up  to  room  temperature  but  decreases  rapidly  between  300  K  and  500  K,  as  does  die 
overall  intensity  of  the  luminescence.  This  system  is  important  and  interesting  in 
that  it  provides  several  broad  transitions  in  the  near  in£rared,  with  a  common  upper 
level,  which  could  be  used  to  obtain  tunable  laser  action  in  this  region. 

2.3.  Mg2SiO^:Cr 

Forsterite  (Mg2Si04),  like  alexandrite  [1],  is  a  member  of  the  olivine  family,  with 
an  orthorhombic  crystal  structure.  When  doped  with  Cr  ions,  it  can  support  laser 
action  over  a  limited  spectral  range  around  1*2  |im  [12, 1 3].  However,  there  is  some 
controversy  concerning  bodi  the  Cr  valence  state  and  the  sites  occuppied  by  the  Cr 
ions  in  this  material.  We  have  invesdgated  the  spectroscopy  of  this  material  doped 
with  various  levels  of  chromium.  The  complete  luminescence  spectrum,  which  is 
quite  sensitive  to  the  wavelength  and  the  polarisation  of  the  excitation  [12]  is  shown 
in  figure  3.  At  low  temperatures,  it  consists  of  several  sharp  features  at  around 
700  nm,  some  broad  bands  at  about  800  nm  and  1000  nm,  and  further  sharp  features 
at  llOOnm.  The  latter  broaden  with  increasing  temperature  (see  figure  3)  and 
develop  into  the  lasing  band  at  room  temperature.  The  sharp  line  emission  in  the 
700nm  region  corresponds  to  die  ^E-^^Aj  transition  on  Cr^'*'  ions  which  replace 
Mg^'*'  ions  in  distinct  octahedral  sites,  (me  with  inversion  symmetry  (Ml)  and  one 
with  mirror  symmetry  (M2),  as  well  as  a  perturbed  Ml  site,  possibly  arising  from 
charge  compensation.  Cr^**^  ions  in  such  sites  have  distinct  ground-state  splittings, 
measured  using  electron  parametric  resonance  (EPR)  [14],  which  are 
resolved  in  the  R|  emission  at  low  temperature  and  which  clearly  identify  the  Cr^'^ 
site.  The  energy-level  structure  for  the  Cr’  *  ions  is  similar  to  that  in  alexandrite  [1] 
and  with  increasing  temperature  the  higher-lying  ^2  becomes  populated  so 
that  emission  from  this  level  domiiutes  the  spectrum  at  room  temperature  (figure  4). 
The  lifetime  varies  from  8'9ms  at  low  temperature  to  340 ps  at  room  temperature 
and  can  be  fitted  to  a  purely  radiative  model  for  the  emission.  The  variation  of  the 
lifetune  r  can  be  fitted  to  the  expression 

1  ^/a+3/Texp(-d/kr) 

t*  l+3exp(-d/*D  ’ 

with  values  of  114s  and  10^s~  *  for  the  radiative  rates/g  and/x  from  the ’E  and  ^2 

levels,  and  450cm~*  for  the  energy  separation  J  between  ’E  and  *T2.  We  find  no 
evidence  for  any  energy  tranafer  from  Cr’'*^  ions  to  the  i.r.  lasing  centre,  which  was 
suggested  by  other  workers  [12],  or  for  any  non-radiative  component  in  the  emission 
from  these  ions  up  to  room  temperature.  Despite  its  high  efficiency,  this  system  is 
prevented  from  lasing  due  to  absorption  by  another  centre  (assigned  by  several 
workers  to  Cr^'^  in  tetrahedral  Si  sites  [12,13])  which  is  the  basis  for  the 
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Figure  5.  The  near-infrared  emission  band  in  chromium-doped  forsterite  for  different 
concentratioiu  of  chromium  excited  by  an  argon-ion  laser  at  290  K  (all  lines).  Tunable 
laser  operation  has  been  obtained  over  about  75  tun  centred  on  1'2  pm  [12], 


demonstrated  laser  action  in  this  material  in  a  band  centred  at  1*2  pm.  (The  latter 
may  be  pumped  almost  anywhere  in  the  visible  and  even  at  1-06  pm.)  The  energy 
level  diagram  for  Cr**  in  a  tetrahedral  site  is  similar  to  that  for  Ni^ in  an  octahedral 
site  and  the  lasing  emission  is  tentatively  assigned  to  the  ’T2-»^A2  transition  in  this 
system  [1 3].  The  structured  low-temperature  spectrum  shown  in  figure  3  becomes  a 
broad  band  at  room  temperature  and  it  peaks  at  different  wavelengths  around  1  - 1  pm 
depending  on  the  excitation  wavelength  and  on  the  Cr  concentration  (figure  5). 
Emission  in  this  wavelength  region,  and  the  measured  lifetime  of  2-5  ps  at  room 
temperature,  is  difficult  to  reconcile  with  the  known  spectroscopic  properties  of 
ions  in  oxide  crystals.  The  identification  of  the  lasing  centre  in  this  material 
remains  an  interesting  problem  for  further  study.  We  note  that  similar  laser  action, 
with  a  tuning  range  of  more  than  3(X)nm  and  extending  to  beyond  1-2  pm  in  some 
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cases,  has  recently  been  reported  by  Kaminskii  [15]  in  a  range  of  Cr-doped  oxide 
crystals.  If  indeed  these  results  are  due  to  Cr*"^  then  this  ion  may  prove  to  be  a 
worthwhile  laser  centre  in  its  own  right  whicn  can  extend  the  range  beyond  that  of 
Cr^"^  in  the  infrared  and  new  crystal  hosts  should  be  sought  which  can  stabilise  this 
oxidation  state. 


3.  Conclusion 

The  spectroscopy  of  three  materials  with  potential  as  laser  media  in  the  near 
infrared  has  been  described.  For  the  systems  based  on  LiGa50g,  further  improve¬ 
ments  in  sample  quality  and  additional  spectroscopic  studies  will  be  necessary  to 
assess  their  viability  as  tunable  laser  systems.  The  nature  of  the  lasing  centre  in 
forsterite :  Cr  is  still  not  established  with  certainty  and  much  work  remains  to  be 
done  in  unravelling  the  many  complex  centres  in  this  material.  Such  studies,  in  this 
relatively  simple  lattice,  will  provide  guidance  in  interpreting  the  spectroscopy  of  the 
more  complex  chromium-doped  materials  recently  reported  [15]. 
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Luminescence  spectra  oJ  an  iron-doped  (0.2%)  synthetic  crystal  of  foisterite  have  been  measured  at  low  temperature  (IS  K). 
These  show  several  zero-phonon  lines  at  813, 102S,  1093  and  1134  tun,  all  with  phonon  side  bands.  The  emission  at  1093  nm  is 
due  to  chromium  (Cr**)  and  occurs  also  in  both  nominally  pure  crystals  and  chromium-doped  samples.  However,  the  813  nm 
line  is  ascribed  to  Fe^"  ions,  probably  in  tetrahedral  (Si)  sites,  on  the  basis  of  the  measured  lifetime  (IS.5  ±  0.5  ms)  and  the 
analysis  of  excitation  spectra.  The  1025  and  1 1 34  nm  lines  have  measured  lifetimes  of  8.4  and  5.7(  ±  0.5)  |is  respectively  at  20  K 
and  are  similar  in  other  respects.  It  is  suggested  that  these  lines  may  be  due  to  Fe^  *'  ions  in  octahedral  (Mg)  sites. 


1.  Introduction 

Recently,  chromium-doped  forsterite  (MgjSiOa) 
has  been  shown  to  exhibit  tunable  laser  action  in 
the  near  infra-red,  in  the  range  1 100-1300  nm,  and 
consequently  has  been  the  subject  of  extensive  stud¬ 
ies  [1-6].  Although  Cr^'^  emission  is  evident  in  this 
material,  the  emission  responsible  for  laser  action 
in  the  near  infra-red  is  thought  to  be  due  to  Ct**, 
an  unusual  valence  state  of  chromium,  substituting 
for  Si  [1-6],  Apart  from  a  detailed  study  of  Mn^* 
luminescence  in  forsterite  [7],  there  are  few,  if  any, 
reports  of  luminescence  of  other  transition-metal 
ions  in  this  host  material.  Here  we  present  spectra 
of  an  iron-doped  forsterite  (0.2  wt%  Fe)  and  pro¬ 
vide  evidence  of  infra-red  emission  from  both  Fe^  * 
and  Fe^  ions  in  this  material. 

Fe^  is  known  to  exhibit  emission  in  the  red  or 
near  infra-red  in  a  variety  of  materials,  including 
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naturally  occurring  feldspars,  usually  substituting 
for  Al^*  or  Ga^*.  Luminescence  from  tetrahedr- 
ally  coordinated  Fc^  *  is  more  common  [8-1 1],  but 
emission  from  octahedrally  coordinated  Fe^  *  has 
also  been  reported  [12-14],  On  the  other  band, 
reports  of  Fe^*  luminescence  are  comparatively 
rare;  emission  from  tetrahedrally  coordinated  Fe^* 
in  III-V  semiconductors  has  been  reported  at 
around  3000  nm  [15,16]  but  emission  bands  as¬ 
cribed  to  Fe^  *  in  various  other  host  materials  may 
have  other  origins.  However,  absorption  spectra  of 
Fe*  *  in  olivines  (of  which  forsterite  is  a  relatively 
iron-free  variety)  have  been  studied  in  detail 
[17,18]  but  usually  in  samples  with  high  concentra¬ 
tions  of  iron  ranging  from  a  few  percent  to  over 
90%.  Strong  broad  absorption  bands  in  the  range 
800-1400  nm  have  been  assigned  to  Fe*'^  ions  in 
both  metal  cation  sites  (Ml  and  M2);  the  most 
prominent  peak  close  to  1  pm  is  due  to  Fe*'*^  in  M2 
sites. 

Olivines  show  very  weak  absorption  in  the  range 
SSO-800nm,  but  show  strong  absorption  in  the 
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blue  and  UV  due  to  charge  transfer  bands.  There 
are  also  some  sharp  spin-forbidden  transitions  in 
the  blue  region  which  have  been  assigned  to  both 
Fe-"^  and  Fe^"^  by  various  authors. 


2.  Cation  site  symmetries 

Both  the  degree  and  type  of  distortion  exhibited 
by  the  available  cation  sites  in  forsterhe  from 
simple  cubic  (tetrahedral  or  octahedral)  symmetry 
have  a  pronounced  effect  on  the  energy  levels  of 
substitutional  transition-metal  impurities.  The 
crystal  structure  of  forsterite  is  well-known  and  has 
been  described  many  times  elsewhere  [19,20].  It 
belongs  to  the  orthorhombic  space  group  Pbnm 
and  consists  of  separate  silica  tetrahedra  linked  by 
divalent  metal  cations  (Mg^'^  in  the  case  of  pure 
forsterite)  in  two  inequivalent,  distorted  octahedral 
sites.  The  smaller  of  these,  usually  designated  M 1, 
retains  its  centre  of  symmetry  and  has  C|  point 
symmetry.  The  slightly  larger  M2  site  retains  a  mir¬ 
ror  plane  and  is  of  Cj  symmetry  although  a  C2, 
pseudosymmetry  has  been  found  to  be  useful  in 
spectroscopic  analyses  of  polarised  spectra  of 
Mn^*  [7],  The  Si  tetrahedral  site  is  also  of  Cj 
symmetry,  but  is  much  smaller  than  the  octahedral 
M 1  and  M2  sites  in  terms  of  bond  lengths  [20].  The 
removal  of  degeneracy  from  the  E  and  T  states  of 
simple  cubic  symmetry  is  therefore  to  be  expected 
and  in  view  of  the  degree  of  distortion  quite  large 
splittings  may  occur. 


3.  Experimental 

The  iron-doped  single  crystal  studied  was  kindly 
provided  by  Dr.  Rager  of  the  University  of 
Marburg,  Germany.  The  crystal  was  clear  with  a 
slight  yellow  tinge  and  measured  approximately 
3x4x7  mm  after  cutting  and  polishing;  the  crys¬ 
tallographic  axes  were  roughly  parallel  to  the  crys- 
ul  edges.  A  similar  undoped  colourless  crystal  was 
also  studied  for  comparison  purposes  and  found 
to  contain  trace  amounts  of  chromium  and  manga¬ 
nese  which  gave  rise  to  luminescence  emission 
although  the  manganese  was  only  evident  in 


cathodoluminesccnce.  Luminescence  emission 
spectra  were  measured  at  various  temperatures 
down  to  about  15  K  using  a  closed-cycle  helium 
cryostat.  Excitation  was  by  means  of  either  an 
argon-ion  laser  (458,  488  or  515  nm  lines)  or  an 
argon-ion  pumped  dye  laser  (616nm),  at  power 
levels  ranging  from  50-500  mW.  A  1  m  grating 
spectrometer  was  used  and  detection  was  by  either 
a  cooled  germanium  detector  (North  Coast  Optical 
Co.)  or  by  a  cooled  photomultiplier  with  an  SI  type 
photocathode.  Lock-in  amplification  was  em¬ 
ployed  for  spectral  measurements  but  photon¬ 
counting  techniques  and  a  multichannel  analyser 
were  used  for  lifetime  measurements  with  the  SI 
photomultiplier.  Excitation  spectra  of  the  long- 
lived  emission  were  determined  using  a  “double- 
chopper”  technique  and  a  xenon  arc  or  tung¬ 
sten-halogen  lamp  as  a  continuum  source  as  de¬ 
scribed  elsewhere  [7], 


4  Ernnkw  and  excitation  spectra  of  in 

forsterite 

When  excited  by  2(X)mW  of  the  488  nm  argon- 
ion  line,  the  overall  emission  spectrum  between  7(X) 
and  1400 nm  at  ISK  shows  what  appears  to  be  at 
least  four  separate  zero-phonon  lines  plus  phonon 
side  bands.  In  addition  there  is  a  very  broad  emis¬ 
sion  band  underlying  these  with  a  maximum  at 
around  llOOnm  (9100cm"‘).  The  first  of  these 
apparent  zero-phonon  lines  with  side  band  is  at 
813 nm  (12300cm~')  and  is  shown  in  detail  in 
fig.  1(a);  it  persists  with  decreasing  intensity  up  to 
at  least  200  K.  Lifetime  measurements  at  20  K  re¬ 
veal  that  this  emission  line  and  its  phonon  side 
band  have  a  lifetime  of  IS.S  ±  O.Sms.  However, 
lifetime  measurements  and  phase-tuning  experi¬ 
ments  in  which  the  strong  zero-phonon  line  is 
phase-tuned  out  to  give  a  zero  or  even  negative 
signal  show  that  there  are  two  other  weaker  peaks 
at  850  and  866  nm  (1 1 770  and  1 1  SS0cm~ ')  which 
are  buried  in  the  phonon  side  band  of  the  813  nm 
peak  (fig.  1  (b)).  Tliese  weaker  peaks  have  much 
shorter  lifetimes  and,  although  these  are  difficult  to 
measure  accurately,  they  are  certainly  of  the  order 
of  1  ms. 
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Fig.  1.  (a)  Emiuion  spectrum  of  Fe^ ''  at  IS  K  showing  a  strong 
zero-phonon  peak  at  8t3  nm.  200mW  of  488  nm  excitation  was 
used,  chopped  at  a  frequency  of  7  Hz.  The  insert  shows  the 
zero-phonon  peak  to  be  a  temperature  dependent  doublet  at  this 
resolution  (0.2  nm).  The  phonon  side  band  overlaps  two  Airther 
zero-phonon  peaks  indicated  by  arrows  at  8S0  and  8Mnm. 
These  peaks  am  more  evident  when  the  excitation  is  modulated 
at  a  higher  frequency  (e.g.  90  Hz)  for  which  the  main  emission 
suffers  attenuation,  (b)  Phase-tuned  spectra  in  which  the  main 
zero-phonon  peak  is  almost  phase-tuned  out  on  the  lock-in 
amplifier  giving  a  small  negative  signal  The  830  and  863  nm 
peaks  show  a  positive  signal  indicating  a  significantly  different 
lifetime  from  the  main  emission. 


Higher  resolution  spectra  show  that  the  primary 
zero-phonon  line  at  8l3nm  is  at  least  a  doublet 
the  higher  energy  component  increases  in  intensity 


relative  to  the  lower  energy  component  with 
increasing  temperature  indicates  that  excited 
state  splitting  rather  than  ground  state  splitting  is 
responsible.  In  view  of  the  large  number  of  known 
phonon  modes  in  forsterite  [21],  it  is  difficult  to 
determine  whether  the  side  band  contains  several 
phonon  replicas  or  is  a  single-phonon  side  band. 
However,  since  nearly  40%  of  the  emission  inten¬ 
sity  is  in  the  zero-phonon  line,  the  Huang-Rhys 
factor  is  around  unity  and  the  side  band  is  probably 
single-phonon.  The  long  lifetime  is  clearly  indica¬ 
tive  of  a  spin-forbidden  transition;  there  are  three 
obvious  impurity  ions  which  could  be  responsible, 
namely  Cr^*,  Mn^*  and  Fe^*.  However,  the 
813  nm  line  and  side  band  are  not  evident  in  the 
spectra  of  nominally  pure  (i.e.  undoped)  samples 
which  show  evidence  of  trace  amounts  of  chro¬ 
mium  and  manganese,  nor  in  chromium  or  nickel- 
doped  samples.  We  therefore  assign  this  emission 
to  Fe^*,  although  the  Huang-Rhys  factor  is  unusu¬ 
ally  low  for  a  d^  ion.  Electron  spin  resonance 
measurements  carried  out  on  this  and  similar  crys¬ 
tals  [22,23]  indicate  that  Fe^'*’  is  present  in  both 
octahedral  (mainly  M2)  and  tetrahedral  (Si)  sites,  in 
roughly  equal  amounts.  The  spectral  position  of  the 
emission  suggests  that  either  the  Fe^*^  ion  is  in 
a  small  tetrahedral  site  or  a  large  octahedral  site;  i.e. 
the  emission  could  be  due  to  Fe^  *  in  either  of  the 
sites  in  which  it  has  been  detected  by  ESR.  In  order 
to  gain  more  information  on  this  point  a  lumines¬ 
cence  excitation  spectrum  of  this  emission  was  <te- 
termined  and  is  shown  in  fig.  Z  The  spectrum,  al¬ 
though  showing  many  of  the  sharp  features  asso¬ 
ciated  with  d’  ions,  does  not  give  the  usual  dear 
indication  as  to  the  site  occupancy  of  the  d^  ion. 
However,  the  very  strong  sharp  peak  at  405  nm 
(24  690  cm  '  ‘)  which  shows  signs  of  being  a  doublet, 
is  similar  to  the  dominant  *E(D)  peak  present  in 
the  excitation  spectra  of  tetrahedrally  coordinated 
Fe'’'^  in  feldspars,  aluminates  and  other  materials. 
The  problem  is  locating  the  *E(G),  *A,(G)  sutes 
which  do  not  give  rise  to  very  sharp  peaks  in  the 
spectra  of  tetrahedrally  coordinated  Fe^**^  as  they 
do  in  spectra  of  octahedrally  coordinated  Fe^'^  and 
Mn^*^  [10,13J.  The  sharp  features  at  616nm 
(16230cm~‘)  are  unlikely  to  be  assodated  with 
these  states;  the  depression  of  the  Racah  para¬ 
meters  B  and  C  from  their  free-ion  values  would 
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Fig.  2.  Exdialion  specirjni  of  the  Fe^*  (813  rm)  ttrt^cion.  The 
spectrum  is  corrected  for  spectral  variations  in  excitation  inten¬ 
sity,  and  was  evaluated  from  spectra  using  either  a  xenon  arc  or 
tungsten  halogen  source.  A  photomultiplier  with  an  extended 
S20  response  was  used  for  detection  with  either  a  Wratten  87 
filter  or  g20nm  interference  filter  (FWHM  40nm). 


have  to  be  very  large  indeed.  If  the  emission  was  in 
fact  due  to  Fe^  *  in  the  large  octahedral  M2  sites, 
a  large  depression  from  free-ion  values  would  not 
be  expected.  For  example,  the  ■*E(G),  ■*Ai(G)  peaks 
in  the  absorption  spectrum  of  Fe^  in  andradite 
garnet  occur  at  about  450nm  i22200cm”‘)  [24], 
and  even  in  tetrahedral  sites  the  corresponding 
transitions  occur  in  the  region  450-480  nm 
(22200-20800 cm  ~‘)  [8-11].  In  view  of  the  small 
Huang-Rhys  factor  the  sharp  peaks  at  616nm  may 
be  zero-phonon  lines  connected  with  the  split 
level.  The  d*  spectrum  could  then  be  that  of  Fe^  *  in 
a  tetrahedral  (Si)  site.  A  best  fit  to  a  ligand-field 
diagram  was  therefore  attempted  using  cubic, 
strong-field  matrices  on  the  basis  of  the  assignment: 
*E(D)-405nm  (24690cm-‘),  *A„  *E(G)-510nm 
(19610 cm ~  ‘).  Such  an  analysis  gave  values  for  the 
Racah  parameters  B  and  C  of  726  and  2470  cm''' 
respectively  and  a  ligand-field  strength  10  Dq  of 
around  8000  cm  ~ '  using  “centre  of  gravity”  values 
for  the  positions  of  the  split  and  *T]  states  of 
13300  and  17200cm~‘  respectively  (see  fig.  3). 

Attempts  to  obtain  a  reasonable  fit  using  several 
other  possible  assignments  proved  unsuccessful.  In 
particular,  it  proved  difficult  to  make  a  sensible 
assignment  that  yielded  a  value  of  10  Dq  high 
enough  to  be  compatible  with  octahedral  coordina¬ 
tion  of  Fe^*. 


Fig.  3.  A  d’  ligaad-field  diagram  for  in  forsterite  with 
Racah  parameter  values  of  S  »  726  cm  ~  ’  and  C  =  2470  cm  ~ 
and  evaluated  using  cubic  strong-field  matrices.  A  best  fit  to 
experimental  values  is  obtained  at  lODq  >  8000  cm''.  (The 
unit  I  kK  =  lOOOcm''.)  However,  because  of  distortions  from 
cubic  symmetry,  the  T  states  ate  split  and  the  positions  of  the 
lowest  split  levels  for  the  first  two  excited  states  are  shown,  the 
double-ended  arrow  indicating  the  transition  energy  of  the  zero- 
phonon  line  as  measured  in  emission  and  exdtation.  Another 
arrow  shows  the  position  of  the  probable  zero-phonon  line  of 
the  lowest  component  of  the  ^2  (G)  state  as  shown  in  excitation 
spectra  (sec  fig.  2). 


The  possibility  that  the  excitation  spectrum  of 
fig.  2  could  be  a  composite  one,  involving  more 
than  one  type  of  centre,  was  also  explored  by  using 
different  isolation  filters,  different  optical  chopping 
frequencies  and  looking  for  any  temperature  de¬ 
pendence  of  the  spectrum:  no  evidence  was  found  to 
support  this  contention.  A  further  possibility  is  that 
some  of  the  features  on  the  excitation  spectrum 
may  be  due  to  Cr*'''  absorption,  since  the  1093  nm 
(9150cm  ' ')  line  in  the  emission  spectrum  has  been 
ascribed  to  this  ion  (see  below).  Nevertheless,  none 
of  the  major  sharp  spectral  features  in  this  spectrum 
can  be  correlated  with  such  features  in  the  Cr** 
absorption  spectrum  [4,5].  As  for  the  other  appar¬ 
ent  zero-phonon  lines  at  850  and  866  nm,  these 
could  be  either  satellite  lines  due  to  crystal  in¬ 
homogeneities  or  tetrahedrally-coordinated  Fe^* 
adjacent  to  point  defects.  However  there  is  also  the 
possibility  that  one  or  both  could  be  associated 
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with  ions  in  octahedral  coordination.  The 

850  nm  line  also  shows  doublet  character  at  higher 
temperatures  (fig.  1(c))  but  the  somewhat  shorter- 
lived  866  nm  line  disappears  at  such  temperatures. 


5.  Emission  spectra  of  Fe-doped  forsterite  in  the 

region  900-1300  nm 

At  temperatures  below  around  100  K  there  ap¬ 
pear  to  be  at  least  three  zero-phonon  peaks  with 
side  bands  and  an  underlying  broad  emission  band 
between  900  and  1300nm  (see  fig.  4).  The  peak  at 
1093  nm  can  be  recognized  as  the  emission  which 
has  been  ascribed  to  chromium  (in  fact  to  Ct**  in 
Si  sites  [1-6]).  This  peak  is,  as  previously  shown 
[4],  at  least  a  triplet.  It  also  occurs  in  spectra  of  the 
nominally  “pure”  crystal  as  well  as  in  chromium- 
doped  crystals.  The  underlying  broad  band  may 
also  be  due  to  chromium  -  possibly  Ct^*  in  low- 
field  sites.  However,  the  other  sharp  peaks  at  1025 
and  1134 nm  (9756  and  8818cm'‘)  are  peculiar  to 
the  iron-doped  crystal.  Decay  time  measurements 
yield  lifetimes  of  8.4  and  5.7  ( ±  0.5)  ps  respectively 


Fig.  4.  The  emission  spectrum  of  Fe-doped  forsterite  at  IS  K  in 
the  range  1000-1250  nm  using  488  nm  excitation.  The  peak  due 
to  chromium  is  not  evident  if  458  nm  excitation  is  used  instead 
but  becomes  the  dominant  peak  when  515  nm  exduiion  is 
employed.  A  cooled  germanium  deteoor  was  used.  Intensities 
are  not  corrected  for  spectral  response  of  the  instrumentation 
but  the  latter  shows  only  a  weak  spectral  dependence  over  this 
range. 


at  20  K  suggesting  that  these  are  spin-allowed 
transitions  and  therefore  are  unlikely  to  originate 
from  Fe^”  ions.  Electron  spin  resonance  measure¬ 
ments  suggest  that  most  of  the  iron  present  in  the 
crystal  is  in  fact  in  the  Fe^  *  rather  than  the  Fe^  ” 
valence  state  [23]  and,  as  already  mentioned,  Fe’  * 
ions  arc  to  be  found  in  both  Ml  and  M2  sites. 
Emission  from  Fe^  *  ions  in  any  host  material  is  not 
a  common  event.  Nevertheless,  the  luminescence  is 
in  a  spectral  region  where  Fe^*  emission  might  be 
expected  on  the  basis  of  known  absorption  spectra 
of  Fe^  *  in  olivines.  We  might  expect  emission  from 
Fe^*  in  the  M2  site  to  be  the  more  intense  on 
account  of  the  lack  of  inversion  symmetry.  It  is 
tempting  to  ascribe  the  1025  and  1 1 34  nm  emission 
lines  to  Fe^*  in  Ml  and  M2  sites.  However,  al¬ 
though  the  evidence  suggests  that  these  emissions 
may  be  due  to  Fe^  *  in  octahedral  sites,  the  actual 
sites  of  occupation  cannot  as  yet  be  ascertained. 
Further  evidence  that  Fc^*  centres  may  be  respon¬ 
sible  is  found  by  varying  the  wavelength  of  excita¬ 
tion.  The  1025  and  1134nm  emission  lines  are  effi¬ 
ciently  excited  by  the  458 nm  At*  line  whereas  the 
chromium  emission  at  1093  nm  is  difficult  to  detect 
at  this  excitation  wavelength.  Excitation  at  488  nm 
is  less  efficient  but  the  Fe-rclatcd  emission  lines  are 
still  much  stronger  than  the  chromium  line  (see 
fig.  4).  However,  with  515  nm  excitation  the  chro¬ 
mium  line  is  stronger  than  the  Fe-related  lines 
which  are  now  much  less  efficiently  excited  ( -^2  cf 
488  nm  excitation)  although  the  relative  intensities 
of  the  1025  and  1 134  nm  lines  appear  to  be  indepen¬ 
dent  of  excitation  wavelength  in  this  region.  Using 
dye  laser  excitation  at  616  nm  the  1025  and 
1 134nm  emission  lines  are  entirely  absent  from  the 
spectrum  which  is  then  dominated  by  Fe^*  and 
chromium  emission.  Fe^*^  absorption  is  very  weak 
at  this  wavelength  and  increases  as  the  wavelength 
becomes  shorter,  in  agreement  with  the  known 
absorption  spectrum  of  Fe^  *  in  olivines.  Excitation 
spectra,  particularly  polarised  spectra,  of  the  1025 
and  1134nm  lines  would  be  very  helpful  but  these 
are  difficult  to  obtain  using  techniques  presently 
available. 

High-resolution  emission  spectra  of  the  zero- 
phonon  lines  were  measured  at  different  temper¬ 
atures  between  1 5  and  100  K.  The  1 1 34  nm  line  was 
found  to  have  at  least  four  components  but  may 
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Fig.  5.  Fine  scnicture  of  (a)  the  1  US  nni  and  (b)  the  I02S  nm 
zero-phonon  emiasions  showing  the  variation  with  temperature 
of  the  intensity  ratios  of  component  peaks.  Note  the  similarity  of 
la)  and  (b)  although  the  overall  splitting  is  larger  in  (a). 


contain  more  features  which  are  unresolved  (fig.  5). 
The  increase  in  relative  intensity  of  the  higher 
energy  (shorter  wavelength)  components  with  in¬ 
crease  in  temperature  indicates  excited-state  split¬ 
ting  rather  than  ground-state  splitting.  In  fact,  there 
is  little  evidence  of  any  appreciable  ground-state 
splitting  at  this  resolution  (2 cm'').  The  1023 nm 
line  appears  to  have  a  similar  excited-state  splitting 
but  the  resolution  of  the  spectrum  reveals  only 
three  definite  components  although  there  is  a  hint 
that  four  or  five  components  may  be  present  as  in 
the  n34nm  line. 

The  transition  responsible  for  the  emission  in 
Fe^*  in  the  pure  octahedral  case  would  be 


•EjlDj-^T.glD).  However,  there  is  evidence  from 
absorption  spectra  that  the  degeneracy  of  both  the 
’E  and  ^T^  states  are  removed  by  the  distortions 
from  octahedral  symmetry  and,  as  previously  in¬ 
dicated.  this  is  to  be  expected  from  the  known  site 
symmetries.  Excitation  spectra  of  Mn’  in  M2  sites 
in  forsterite  also  indicate  appreciable  splitting  of 
octahedral  states  in  this  site  [7].  Furthermore 
spin-orbit  splitting  of  both  excited  and  ground 
state  could  result  in  a  large  number  of  components. 
Both  excited  and  ground  states  are  quintets  but 
although  the  spectra  indicate  a  possible  quintet 
excited  state,  they  give  no  indication  of  appreciable 
ground-state  splitting.  There  is  little  in  the  literat¬ 
ure  that  is  of  help;  Fe^  *  ions  in  III-V  semiconduc¬ 
tors  are  in  tetrahedral  coordination  an;*  hence  the 
ground  state  and  first  excited  state  are  revc^rd 
with  respect  to  octahedral  coordination.  However, 
a  detailed  analysis  of  the  *E-*T2(D)  luminescence 
transition  of  tetrahedrally  coordinated  Cr^*  in 
GaAs  at  1476  nm  has  been  done  [25].  This  analysis 
makes  it  clear  that  only  very  high  resolution 
spectra  at  very  low  temperatures  can  resolve  the 
fine  details  of  spin-orbit  split  states.  Nevertheless, 
there  is  a  degree  of  similarity  in  the  splitting  found. 
The  phonon  side  band  of  the  1025  nm  line  has  only 
one  clearly  discernible  peak  at  about  160cm''. 
However,  the  side  band  of  the  1 134nm  line  is  more 
detailed  with  apparent  phonon  modes  at  140,  170, 
210,  340  and  440cm''.  As  mentioned  before,  it  is 
difficult  to  deduce  much  from  the  phonon  side 
bands  on  account  of  the  many  possible  modes  in 
forsterite  except  to  note  that  modes  of  frequency 
higher  than  about  400  cm  ~ '  do  not  involve  metal 
cations  but  are  vibrational  modes  of  the  silica 
tetrahedra. 


6.  Cooclnsioiis 

The  813  nm  emission  line  and  associated  phonon 
side  band  are  due  to  Fe^  ions,  most  probably  in 
tetrahedral  (Si)  sites,  the  long  luminescence  lifetime 
being  indicative  of  the  spin-forbidden  nature  of 
transitions  on  d’  ions.  The  excitation  spectrum  of 
this  emission  is  consistent  with  that  of  a  d’  ion  in 
a  tetrahedral  site  and  calculation  of  the  cubic 
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ligand-field  parameter  10  Dq  based  on  likely  band 
assignments  provides  further  evidence  that  Fe^'^ 
ions  are  responsible.  Although  the  zero-phonon 
line  persists  up  to  around  200  K.  it  is  not  evident  at 
room  tempterature  and  the  emission  suffers  temper¬ 
ature  quenching,  as  is  usual  for  Fe^*,  beginning  at 
about  100  K. 

Well-defined  phonon  modes  in  the  single¬ 
phonon  side  band  up  to  700  cm''  are  compatible 
with  tetrahedral  coordination  in  a  Si  site.  Other 
minor  emission  peaks,  which  are  masked  by  the 
side  band,  are  also  probably  due  to  Fe^*  in  other 
environments,  the  lifetimes  also  being  fairly  long 
( ~  1  ms). 

The  origins  of  the  1023  and  I134nm  lines  and 
side  bands  are  less  certain  but  the  experimental 
evidence  so  far  points  to  the  possibility  that  Fe^  * 
ions  in  octahedral  sites  may  be  responsible.  The 
two  emission  lines  have  a  number  of  features  in 
common,  similar  but  not  identical  lifetimes, 
similar  spectral  absorption  characteristics,  and 
similar,  but  again  not  identical,  zero-phonon  split¬ 
ting  patterns.  These  are  in  contrast  to  the  com¬ 
pletely  different  properties  of  the  Fe^  *  emission  in 
these  respects. 


Acknowledgements 

We  are  greatly  indebted  to  Dr.  H.  Rager  of  the 
University  of  Marburg,  Germany,  for  the  provision 
of  both  doped  and  undoped  crystals  of  forsteritc, 
and  for  ESR  spectra  and  other  information  regard¬ 
ing  these  crystals.  We  thank  Prof.  G.F.  Imbusch  for 
encouragement  and  helpful  discussions  and 
Dr.  G.  Morgan  for  discussions  regarding  experi¬ 
mental  lifetime  measurements.  We  are  also  grateful 
to  B.  Kelly,  D.  Staunton  and  P.  McBride  for  experi¬ 
mental  assistance  at  various  stages  of  the  work. 
This  work  was  supported  in  part  by  the  U.S.  Air 
Force  Office  of  ^entific  Research  under  grant 
number  AFOSR-88-0335.  The  germanium  detector 
was  provided  through  a  grant  from  the  University 


College  Galway  Development  Fund  which  we 
gratefully  acknowledge. 


References 

[t]  V.  Petricevic,  S.K.  Gayen  and  R.R.  Alfano.  Appl.  Phys. 
Lett.  53  (1988)  259ft 

[2]  H.R.  Verdun.  L.M.  Thomas.  D.M.  Andrauskas,  T.  McCol¬ 
lum  and  A.  Pinto.  Appl.  Phys.  Lett.  53  (1988)  2593. 

[3]  R.  Moncorge.  G.  Cormier.  DJ.  Simpkin  and  J.A. 
Capobianco.  OSA  Proc  Tunable  Solid  State  Lasers.  15 
(1989)  93;  IEEE  J.  Quantum  Electron.  27  (1991)  1 14. 

[4]  W.  Jia.  H.L  Uu.  S.  Jaffe  and  W.M.  Yen,  Phys.  Rev.  B  43 
(1991)  5234. 

[5]  H.  Rager.  M.  Taran  and  V.  iChomenko,  Phys.  Chem. 
Minerals  18  (1991). 

[6]  TJ.  Glynn,  G.F.  Imbusch  and  G.  Walker.  5.  Lumin.  48&49 
(1991)  541. 

[7]  G.IL  Green  and  G.  Walker.  Phys.  Chem.  Minerals  12 
(1985)  271. 

[8]  G.T.  Pott  and  B.D.  McNicoL  J.  Chem.  Phys.  56  (1972) 
5246. 

[9]  CX.  Van  Doom.  DJ.  Schipper  and  P.T.  Bolwijn.  J. 
Electrochem.  Soc.  119  (1972)  85. 

[10]  DJ.  Teller  and  G.  Walker,  Nature  258  (1975)  694;  Modem 
Geology  6  (1978)  199. 

[11]  C.  MeShera.  PJ.  Colletan,  TJ.  Glynn.  G.F.  Imbusch  and 
J.P.  Remeika.  1.  Lumin.  28  (1983)  41. 

[12]  G.T.  Pott  and  B.D.  McNicol  J.  Luitun.  6  (1973)  225. 

[13]  DJ.  Telfer  and  G.  Walker.  J.  Lumin.  11  (1976)  315. 

[14]  G.  O’Connor.  C.  McDonagh  and  T.J.  Glynn,  J.  Lumin. 
48&49  (1991)  545. 

[15]  W.H.  kosebeL  U.  kaufmarm  and  S.G.  Bishop.  Solid  State 
Comm.  21  (1977)  1069. 

[16]  S.G.  Bishop.  DJ.  Robbins  and  PJ.  Dean.  Solid  State 
Comm.  33  (1980)  119. 

[IT]  R.C.  Bums,  Mineralogical  Applications  of  Crystal  Field 
Theory  (CUP,  1970X 

[18]  WA.  Runciman.  D.  Sengupta  and  J.R.  Gourtey,  Amer. 
Mineral  58  (1973)  451;  59  (1974)  630. 

[19]  J.D.  Birie,  G.V.  Gibbs.  P.B.  Moore  and  J.V.  Smith,  Amer. 
Mineral  53  (1968)  807. 

[20]  J.R.  Smyth  and  R.M.  Hazen,  Amer.  Mineral.  58  (1973)  588. 

[21]  k.  lishl  Amer.  Mineral.  63  (1978)  1198. 

[22]  J.M.  Gaite  and  S  S.  Hafner.  J.  Chem.  Phys.  80  ( 1 984)  2247. 

[23]  H.  Rager.  private  communication. 

[24]  R.G.  Bums.  Can.  Spectrosc.  17  (1972)  51. 

[25]  F.  Voilloi.  J.  Barrau.  M.  Brousseau  and  J.C.  Brabant 
Phys.  Sut  Sol  (a)  64  (1981)  k39. 


THIS  DOCUMENT  IS  BEST 

I 

QUALITY  AVAILABLE.  THE  COPY 
FURNISHED  TO  DTIC  CONTAINED 
A  SIGNIFICANT  NUMBER  OF 
PAGES  WHICH  DO  NOT 
REPRODUCE  LEGIBLY. 


